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FOREWORD

Th~e work described in th:: tqport was authorized under Task 18522301A08101,
Z;.*senmination Investigations of Liquid and Solid Agents (U). The work was stcuteid
in June 1964 and comnpleted in June 196?.

Roproduction of thiz doruenwt in whole v- in part is prohibited except with
permission of the CO, E49ewood A?,enol, ATTT4: SMLIEA-RPR, Edgewooc Arsenal,
MorylanO' 21010; however, Defense Documentation Centecr is authorized to reproduce
the document for US Government pa-pses.

Tho infntrmtion in +kis document has not 6zef cleared for release to the
gonoval public,
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DIGEST

Ine objec~t of thia study was to obtrin basic data on the dissemina-

tion of bulk powder into airborne primari particlo~s ILi to 10i1 in diameter.

Results 1nnLcve~ttoi t.hat dxt%,ret* partivi.i* are ~ .&~iniciaiiy -

suspended agglomerates are shattered by wall or target impact. Signif-

icant reagglo~eration can occur later me-cause of triboelectrification

and insufficient dilution with primary air. Modification by powder

additives proves to tie select~ve In weakening contact forces between

particles and changing electrificatinn.

Seventeen powders and sjixttvt- ad L.tiVý,S wire selec~ed for study.

Thzie had a wide range of prop.rties- different sizes, smooth and rough

surfaces, sphcrical ond irregular sha~,ea, crystalline aid ctmorphous

structures, organic and inorganic cois~ositionis, and different dielectric

constants. Flowý"'iiity, angle of repose, adhesive force, viscosity of

a fluidized berG, and evidences of electric charge separation were meas-

ured for various po..iert anui' powder-addIlive coimbinaftons. Certain

cco'Ainationig, with the, addltive at aibout .1%, coairentration, shovEd. narked

changes in bulk properties a 41irrovf'e4 dfe.:serinatiori.

Aercdyaxi~ac dissewtnating methods. w~hicli permitted ý:fo-rroJ -,)

breakup forces over a wide range of *ki-r ert Use-d for testý 'of

aersolzailiy.Several aisetsmnent meihvils werreý evaluated, hind a

laninar flow oettling haiAtber in ahti eosol pikrticlej dep-o~it or.

long horizontal plates, was iin~sidt).eii.* tv tos a pplt(-Aibl for tbia

type of resoarch. Effects of air veotpow-der -.o air ratio-, am,'

flow geoxetry, ~vore studif!-1. Klectro~titic 1-euwnoens were C-b:-e.rvsd,.

and It WUR filund thiat th~c-ra heO t.o1 -Y~ b~Pý'Vler andt Inv~

jinjozti.iag gas tons silon(% -Ith d . s~ na i titf a Ir.
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I 1RR(CIm

The object of this study was to obtain basic data on the dissemina-

tion of bulk powder into airborne primary particles 1 to 101k diameter.

The initial effort was a critical review of the literature, which has

been published ("Aerosol Dissemination Processes - A Critical Review,"

Volume I, Staa-ord Research Institute Special Technical Report No. 2,

Poppoff, 1965). The research reported here rt s based on information

rocz~vwza. di.. zz!Q at.MD £%DW*.'.

Particles, 10 to H.t, adhere firmly to their neighborr in the bulk

powder. The adhesion may be the result of any one or a combination of

forces resulting from (1) electrostatic attraction, (2) absorbed liquid

fillm, or (3) van der Waal's forces. The ema 11'ar the particles are, the

rrealer is the difficulty of producing an aerosol of individual particles.

Methods for makiTng an aerosol from dry powder could be placed in

one of the following four categories in which: (1) powder is fed into the

intake of a rotary air blower; (2) powder is caused to flow through

Venturi throats or capillary uubes; (3) loose or coepres~ed powder is

exposed to a sudden burst of gvAs with or without ImpacSLon on a solid

surface; and (4) loose or compressed powder is eroded from a powder bed

surface by high velocity air jets.

In terms of the duriace energy of the particles, the pover effiieanctat

of aerosol device* that have been used were very low, perhaps as low &.0

0.001%; however, thws value criterion has little meaning because most of

the energy is used for diluting and tranoporting the aerosol. At some

stage botvwen the time tiat the particles exist as ov bulk rwder and

the time that they are sutficienCy dilute to prevent agImeration,

"energy must be used for mixing air. The only concern for eonrgy is that

it be large onoub sad eftectively coupled *I th the powder mass to produme

"forces that �teak bouts boetwee individual particles.

I?



Complete assessment is a furmidable task; several presentations of

the practical and theoretical problems are given in the literatitre. No

single method appaered to offer * complete solution to the vroblem.

Considerable effort has boon devoted to bulk powder modification

techniques. Ch aies in the properties of bulk powder such as tensile

strength, shear strsngth, angle of repose and flowability have been

measured In attempts to correl-te these measurements with improvement in

serosolizabulity; the assessment methods used give data on the comparative

efficacy of severaL modifications. Except for a few instances, hoWever,

no dramatic improvement In aeroaolization occurred as a result of powder

modification.

; or..apjpoesz. &-v the literature review that the following aspects

of powder dissemination should be included in this research program.

a. Use of a wide range of powder types to obtain data on the
effect of chemical composition, particle size, size dis-

tribution and various powder treatments.

b. Convincing devmnstration of improved ability to get in-
dividual particles suspended by treatment of powder with
additives. New observations were needed to confirm
intuitive beliefs.

c. Development of a simpla and workable assessment procedure.

d. Rmploywent of a simplified dissemination system amnable
to mathematical analysis and capable of ca-ation over a
wide range of energy should be employed.

e. Observations of tubsidiary phenomena and dtfftculties
that a.e: encantered during powder dissemination, ýn-
cluJing electrostatic effects.

f, Identification of scientific principles controlling the
prodv.1ti"o of individual pasticles should be identified.

Peasults of theze investigattons are covered in the boay of ihi-

report.

Thrhimoux z:•e perloo or -the h prg" thore was a contm-i"J search o-_

tho literature for any rnv and useful information bc-ring on the converp't-n

of a pcwndr 4;o an aesviwol The information was col~ected, digestod and

organixc4. Appandix P of this report Is an expcndod list of :.efgronces.

to aupplalint The Critical evie•w.
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I I FJMAMRY

Powders A~f for markedly in their behavior in bulk and the ease with

which the individual particles can be corverted to an aerosol. A general

st;fo powder diosenination must thereiore exsaine many kind& of powders.

In this program, beventeen po'vdars and sixteen additives were uose-i in

varic-,m coablnatioi.As. The powders had & wide range of properties and the

additives were used to modify the bulk properties and to improve the dis-

qe4~iuatlon of the powder- particles.

Flowability, viscosity In aerated state, adhesioni and angle of repose

wcre meastired to c'iaracLviiz,. the behavior of the powder and powder-additive

.ýombtn~alons. The adlies.,)n measurements resaled "uly general t;:Lends, but

the other three methods gave data that, in general, correlazo.d vithi case

of dissemination. For powders &usceptible to improvemet by use of an :,d-

ditive, 0.5-4.0% hydropabobic Philxdelphia -,uartz (PQ 2340) grve the best

results lin terms of flouability, angle of repose, and reductioni of viscroe-

ity of fluidized powder. Additives in e).cers of 1.0% were less effective

than the optimum amount. The effects of additives are highly specific to1 ~the powder and additive combination. Fo~r example, glass be.~ds, zinc-cadalum--

j sulfide -ad saccharin "zoi, ben~efited by ute of an additive, while quartz and

aluminum powders were anly slightly improved. The '.Ascoaity of a fluidized

powder is e li~vd -o mos ne-&-rly roaflect the prop~erties of a pCriet asso-

elated with Its ease of semta:i.I Aodyr.aic disseminating or-th-:1s wre .m,-Iod wttieh peraii~t-d cont-
!riof breskup foz-cv4 over a vi~de rangWe of values. These '.nc'_!ded r-? sub-.1Aclga on*!.' pile of Pow'-der to a Vnitle #'puffý' of air for 1,-), anergy

a~1cticv b asIrating a~n air/poX.wder mixtur- througn oltraight tutbe5
ovr rftief c:ý -~~t.1e tý c t iPo ot 1inwict at the t~be wall; c, s~rtn

an Air /jowwil*r wiitur# t k -gh a curved tube at up t.. isonic voltu.:ity for

j hfrd lapact,

A
7*



S&me of the larger sized particled (12-lbik) were almost completely

disseminated at the lowest energies used. The am~l!:r the parttcle size,

the Creater wAs the difficulty of obtaining complete disseainkticon. Tile

most complete dissemination of the smaller p-articles (1-10p~) was obtained

by aspirating powder with air a~t sonic veicrity In a eniled tubo to in-

sure "hiard" Impact on solid wall ourface. Othier results were:

a) The effect of additives was dramatic for som powdora not
only7 i.a improving fiow properties, but also in improving
d1.sseaination though the measured adhesive forces between
particlos.4 were reduced only 1/2 to 113 by the use of an
additive.

b) Irreg'ilar, sh&ped particles dissesinated more completely
than smooth apt erical particles of the same sizz%.

c) Small ratios of puwder/air in the s-jpirs~t!.ng system re~
suited in less reagglomecration following dissemination.

d) Reagglomrated aerosols can result in agglomerates having~
a gre-ater mass than A sin~gle particle of the twame materias.
and yet have the samve aerodynar.1c p~ropjrties. The implic'a-
tion of thi* result Is thit cqntrol not elimination of
agglomeration may be the west deeirable approach to dis-
seuin~atiou of powders Into an aerosol with suitable aero-
dynamic properties.

e) Th'Moretical cousiderations a"!~ presented which hokww t-A t
impuct of agglomerates againat s-olid surfaces A"e a neces-
sary feS~ure for ae-cce-lsful pne=#~tic dissemaination o f
part' -les In the l-1LAh size ratio.

f~ The reagglouweration obser-ved could not b4c explainted on
the tzq1a of ocol111sion and adhe~lon res.ultting from f!r--

bulent si~,but was most likely caused by elect rostatti7

g K lectr-3ostattc effeets - rv observed froquently -Jlring the
ccurse of disseftinat'-.u tex:'. Tibe. affecte- i s-ltin
caused rvtagglomw ration and !op~tfastessmne~t proced.irva.
Add~tiv~ka *vre used tco alter the c-hrps-ý Xlerac4 dn pwer
part~icles tkurir'g ;Aiusemir.ation. Irtle-tionh -f gas tong w'itfl
thi Jissruhati~n gas &ls<, Altened electrl& 7iiarjos on par-
tl-clei~., and with~ firthr- "-lpe~ Y pr-k'¶ide a tect.-
niq.,e for mor&ef1c'1Ar.Tt s,1semlit1.ou.

A l~axýnas flow settltv-g &i*e as dot-elopve1 fe:r k4*ssfingt iin'Solx.

1,11s Vas u'sod In cc-oiivnct on withi swirulseepic obn-,a io phtvgaMl

r-ec~-drtbg of ortttlred part.'rs t-rvr- t rop1I o1tq4Prý,-ti-:. alon-t MAt W~t

POMat Jistinct Ion lbtw-.Vn.gi-ert and c~lingle parttcles- cf !regular



shatpe. fPartizIe settled from air oas land sufficiently close to •scb

other to reader u•certain whether they existed in the air as an Utlow-

*rate or as sui1 prticles. A mnttad of oorrx tirc for this coliucs-

tal amtling is presented. Thb ree of wiltiple tochai•qus porwttttd the

&.4saIttion of data t otbt•tible by any single assessuet method.

I
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.•:-: . .,-...:•,,• :; u wo rk • , Any list will include mome tndtVI&Se9

S•:. •::,,•yof tribo-alectr•ifivtion and the other pertains to appliyng

.;,:•t•.:.• .,tf _ i theo tc dzs~g- of a scaled up model of a pneumatic pw•--dr

r :cii.Aa t '.'of Powder Prhrttcleg

?i- ifi.a. nrelples that control electrical charging oZ powder

_- 1'c..u leAl they snparate from each other or froa solld surfaces

-contact charging or trlboelectrification) have not been identified.

:"h e_•.c•,:1vr: charging of particles is probably the least understood plv-

.tiza affecto dissemination and reagglomeration of powder par-

When - sclentific principles of triboelectric charging of povder

!,ia7-.iclcz are in4erstood, it should be possible to minimize their detri-

•nta1 effect3 and per-'sNas utilize then to advantage. A fundamental

.;-audy of triboelectrification Is therefore recomuded,

24 M-velopment of a Pneatic oer Disseminator

We have shown that succensful pneumatic disseinatlon of a powder

can be best accomplished by shattering agglomerates by wall or target

Impact. Reaggloweration can be minimized, oinm with sam electostatic

charging, by oilution with primary air.

Ttw work conducted in onr progra• was designed to define the prim-

cip:rO, u F dissemlnation without regard to eistructifg an integrated

ols"Ilnitlon device. The scale of dlssainiation w deliberately sar-ll

Lo aceo-mmodate laboratory facilities.

Best Availab,!e Copy



.cl .ei~s .hsi .nid po..e .... fl tC*~B.rcofp~t

There aro esa~ign prot~leass associated with the devi%.'oyment of 1ao'ger

of flow ch~annels and/or anvils to obtain powder ir-ect*, m~iniuiig power

rectuirements, and confining the systevi to a reusonable size envelope,

Thedesgnconstruction arn evaIluatlop of an integrated device using

what we now know for disaseminating 10 to 50 grows of powder per minute

struction of a powder disseminator will sakce available useful dewicas for4

larger scale laboratory And sna.&J-scale field test devices by which active
chemical agents can be evaluated.t
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IV MATZRIALS

The dry powders and their additives used In this study art as

follows:

A. Powders

The powders ore tabulcted in Table IV-l, and were &elected to have

a range of properties sucn as snooth and rough surface, spherical *ad

irregular shape, crystalline and amorphous, organic anid inorganic, di-

electric and no~n-dielectric, etc. Most of the work was performed on

organic powders since they simulate many of the characteristics of

chemical agent-, Saccharin, quinine and Microthene were the most widely

used of all the powders and had begbn employed by other investigators.

The particle size distritutions of saccharin, Microibene and quinine,

as received, are given In Fig. IV-l and Fig. IV-2. Quinine blended with

1% PQ 2340 additive in an Osterizer Blender was also used frequently,

and its particle size distribution after processing is given In Fig. IV-3.
In all the particle size distributions reported herein, the sizes were

measured with an optical microscope, and in most cases the powder was
dispersý;d on a microscope slide wifh an ýmmL-rsion oil to deagglomprote

the pqrticles before sizing.

Particle size distributions for glean beads, 1,i to 30p. and for

aluminum metal, are given in Figs. IV-4 anid IV-5.

B. Additives

The addition of powd.,. modifying agents, or additives as they are

designated in this report, ovas a dominant powder treatment. A large

number of add~.tives were assombled, and a' though all of them were not

used in tha.se tabsi, they are neverthelesi listed for possible futur3

uos. The additives ajýe iist~d in Table IV-2 and those additives maeked

with an asterisk were used in this program.

25
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Ths additiv*sS listod sre dry powders which hav boon tound to be

uoefol in amoll quantities to modify bulk ptaperti". In* petrel, the
-1 1-3 ,Uj hAddlti-ys hand a primary particl* size 10) to IC.U. , 1* of

tbhe pawderv tbay modified.

-. A



Table IV-I

POMME USED FOR T3 'TING

I Physical and Chemical
Powder Source

Spherical Shaped A

Almuinus X- 3 Valley Metallurgical Process 3p1 mmd; roughly spherical;
Issasx, Connecticut electrical conductor; poor

1 1 lowability.

copper Particle Iftformat ion Source 10-150p iz ei; electrical
Los Altos, Calif. conductor.

Glass beads Cataphote Corp. 2 alses: i-3O04; Insulator;
jaokson, Miss. poor flowability; 44-62p;

Insulator; good flowability.

Microthene U.S. Industrial Chemical Co 201L nod; good ins~ulator;

M510-~ Cincinnati, Ohio poor flowability.

steel Particle Information Service 1O-lS0g& size; electrical
Los Altos, Calif. conductor

Zinc Cadmium U.S. Radium Corp. 441b add; roughly spherical;

Sulfide Morristown, Now Jersey poor flowability; f luores-
cent in several colors.

Irregularly

Aspirin local Drugstore Tablets ground and screened
to (-)325 mesh.

Black sand Unspecified 3 fractions: 5O-l0Op; 100-
(no. 1) 150k; 150-350u, free flowing.

Black sand Unspecified Number mean diameter, --374.
(no. 2)

Feldspar United Clay Products 0.5-5 0I.&; poor flowing;

Trenton, New .4erssy highly agglomerated.

Garnet sand Unspecified Number mean diameter, -3201k.

Ground cast Unspecified Rbmber sean diameter, -42p&.
iron

Laterite soil Unspecified Number mean diameter, -4Lj.

Quartz Del Mionte Properties (- )325 mesh; inorganic.
San Francisco, Calif.

Quinine Matheson Coleman & Be~ll l1.04A nod; organic; poor
Catalog #6968 1 lowability.

Quinine, -- .74 mmd; organic; poor
treated flowability; treated with

1% PQ 2340 in Osterizer
Slender for aix minutes.

Rhodamine B Matheson Coleman & Ball Fluorescent dye, organic.
Catalog #B1193

Saccharin Monsanto Co. Number mean diameter. -4.00.;
St. Louis, massouri organic, poor I lowability.

27
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V POWDER W-D1F!CAITK0 AND) BT"1Y PRIA:3RTIS

ý4

cifte viiz*i for Zparticuls.r extariment. Frctionxt1ill k~th%ý powderm

vws almost always aceomplialeie uging a double disc leparatc- of 'h' t, ye

jj jom In 1.F 4 . V-I. TbA! high speed f(204 500ý0 rpu') ror-a cos

the particle& fron 1ýhe feed to t-ptrsl outwardly. 'M- lai-gvr pari-t1'es

be~causou of *helr Inertiu acru~aalato in the cloarance n.-ace bet.-ev..t'.

c99ing an-; the pwipr'~ry of the rotating. (dýublo-di-ic. fl-est-' trxge. Pry-

a re remwoved fro-g the atpactizi bv - plough and collttflled . .1Is'

smaaier tnrer~ial for-ce", e--- Abje 'c pass throu.tw the gap betwtý.bT tt-.~I ~ ~~ioubls,-'ýIs and out to a c'ýýlone se~parator vher-u thav ar! cý: .~

Particle c~trcut- .ecan b. irted Uy slteratlloý, C~f the air 't..w

rate, or of the rotsz-onal speod of 'h double-disc.,7 wath. Tbis teiýh--

*a w us? to i ic-:~ beeds and ~iuartx ".wdf.r ' ýUlarlv

A~~- 0ý1.,, I- rs - -
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excess local ;beatinX and fusion of the powder particles. For elample

r wo-hafis us~trixed for 3 aiu~tes oontiruousay In a small container had

a lcyger srt~clo-sizs distribu~tion than saccharin oattri zed for 3 minutes
at oia-winuto istervals in a large cintainor. The additive added was

always scusured on a weight basis.v

I' C. Procedures for NessutiAM Balic P--02hrties

There Is a voluiincus mass at publications on the modliat;loti

bulk owwdr ch-%racteriatics withi a variety of solid, liqui.-i zn S

tives, T'-h effectiveness of the powteer treatment was then

terms of the particular property of interest, eitherflw y

force, tensil* stronath, or angle of repose, etc. Althouj;?rb&A :2

of In~terest in th~is progv'm was the aerosolizability of !.,ir

was -'rtf2;Pbls an~d often revoaling to learn about bulk proper.: o t-,

pcwder other tlian i ts sarosolizability.

1. bi t

Finely dividied powders less than 20 micx,.ns often act sticky. Mhsy

adl'era to each other and to other thivgc. Some powders are act stltR-'

r'iey block apertur-- when attents are made to transfer thens iron one

container to another or to met'pr their f~ow into disseminieciig equdpment,

Yetý, tiu most practic'al applic,;.tions of pnematic disseminz~tion, the po%der

MU~t 97)MOL'-W t* transferred from the coztainer t;D tho disseminating sotirce.

Therefo )unless the powder is already free-floving, ti-e powder muus~t be

tfeated or ao,,fLýed to flowv, and means must be avallable ts contril arlL measure thip flow.
Tbe first, 2ot~uremen~t of "flowsibility" was mtado with~ a zoadily

lVailabl,_ powder feý'iUor devi..e used ir Metronlics Aerosol GenratorE.

j ~The powder f~eeder, Fig. V-2. is a hopper with a "~tched wheel at the

~to-tm. As t~v who~l r-atates, the powd'cr fUill !zatc tto rcAt"zeg Andjthen d.opr out on the udmrtctda o~ the '=pper, Th-v dalivery rate Is

ragýIUted by tha spead of rotation, the dcepne~ss ft~ the trwtche. P~ad the

n~umber of watchoz. 71-4 wight of powder deli-vered it, a d~esig-nated timeI iInterval ia saxiaare of 2'lowahi~ty,
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2. AmIe of !"as-

Aother wosureoent of bulk properties is the angle foiind by a

powdwer when it flows throigh an aperture (ths angle of internal friction)

or the angle subseq, mtly formed by a pile of the powder beneath the

opening (the angle of repos"). Figure V-3 illustrates the difference

between the.se two argles. In their discussion on powder rheology, Zenu

and Othoer (190) and Crosby (1960) considor the angle of internal fric-

tion as probably the most Important and fundamental property of a powder,

despite the fact that it is not commonly measured. The simplest method

of Aeterminirag the angle of internal friction is as follows:

A narrow, deep rectangular trough, shown in Fig. V-4, fabricated

from clear plastic, with a snall, stoppered hole at the bottom of the

trough, was used for measurement. With the hele closed, powder is evenly

and gently poured into the trough up to a designated level, after which

the hole is opened anxd the powder allowed to flow out. The angle sub-

tended by the stationary solid inside the trough and the horizontal is

the angle of internal friction. However, with certain powders, another

angle, the angle of repose, is also formed. With free-flow powders, thll

two are identical, but with powders that do not flow as freely, there is

a difference.

Attempts to use this method to measure "sticky" powders were not

too successful, because the powder did nwt flow out of the hole. There-

fore, the rnage of mcthid was limited and often did not apply to rowders,

such as untreated saccharin and Micro -*ne. It was found, however, that

if the hole was left open while the trtz•gh was being filled, the powder

wo'd flow out, even with a sticky powder, to give r characteristic angle.

A review of the litereture revealed various definitions for this

particular angular property, but since the technique is similar to build-

ing up a pile of powder, it was designated as the angle of repose rather

than the angle if internsa friction.

Measurement of free-flowing powders with *his technique had a repro-

aucibiixty within -,20, With sticky powders, the reproducibility decreased,

and the procedure became sensitive to the means by which the powder was

39

- *t&,nl%4.-*777 t'-.ý



40



F!. V-4 APPARATUS FOR MEASURING THE ANGLE OF REPOSE
OF POWDERS
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loaded into the trough. A vibratory feoder was found to be the most

suitable means for feeding the powder into the tro-Agh, betauso it avoided

undue compaction of the powder.

3. Adhesiv. Force

The technique of Cremer et al. (1952) hia oeen the most commonly

used method for measuring the adhesive force of a bulk powder. It has

been used by Barns (1966), Nash et al. (1963), Orr et al. (1957), Patat

and Schmid (1960), and Whituah (1965) for measuring a veriety of differ-

ent powders. Orr et al. (1957) found the results to be too widely scat-

tered to be of any value, but Baerns (1966) obtained consistent results

with the technique. Others obtained fair to good results. In the main,

the technique car be used to establish a trend, although at times, a.n

indefinite one.

The method involvQd tilting a plate containing powder and measuring

the angle at which the plwder slid off as a bulk due to the force of grav-

ity. Figure V-5 illustrites the apparatus with a bed of powder sliding

down the plate. To avoid sliding between the particles and the plate, a

aultilayer of particles was first glued to the surface of the plate. The

bed of powder measured 8.8 cm by 6.3 cm, and it could b. packed up to a

height of 2.5 cr. Following the recommendation given by Corn (1961), a

contact time of five minutes was allowed for the powder bed to become

equilibrated with the permanently fixed layer of powder. After carefully

leveling the powder bed, the plate was gently vibrated to insure nun-

formity of contact and packing of the bed. T•hn e plate wan tilted at

approximately 1.5 degrees/sec until the bed sheared and slid from the

plate.

Tlhe relationship among the angle of slide. e, the adhesive forc6 F

of the powder bed, and the interparticle trrction coetficient, t. Is

given by the equation:

mg sin 8 = mg cos . F,

whole m is the ielght of the -powder 1eid and j tit the grav -at1onail con-

stant, By rer-,.nting the measurements for differetit weights- of ra'-rlal

4..2
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.md Plotting mg sin e versus mg co- - on Cartesian coordinates, 4 is

obtaned from the slope of the line and F from the intercept of the ordl-

n To dote ine the iwtorparticle adhesive force, the adhesive force

of the powder bed, F, must be divided by the number of interparticle con-

ct between the bed and the fixed layer of particles. This number can

Le inrroximated by dividing the area of contact by the square of the mean

particle diameter.

To test the reproducibility of the procedure, measurements of four

inorqnic powders, black sand, garnet sand, laterite soil, and cast-iron

powder were made. These results, plotted in Fig. V-6, gave fair results.

Cast-iron powder, probably because of its small particle sizes, gave th't

hgihest adhesive force. Both the garnet and black sand gave low adhesive

forces and the laterite soil gave Intermediate results.

4. Viscosity of Aerated Powders

In Quarterly Report No. 6 (Poppoff, 1965d), the overall aeroseliza-

tion process was described as one in which the iadividual particles are

separated and the air is placed around each particle to create a two-

phase system (solid and air) with the desired ratio of phases. The pro-

cess can be visualized as occurring in stages, as follows:

Stage I Breaking of bonds between particles

Stage II Separation of particles to an aerated mass

Stage III Conversion of the aerated particle-air mass to-an
aerosol of some desired dilittion.

The transformation from one stage to another occurs without sharp

boundaries or definitions. Nevertheless, a break does occu and it was

proposed that this break might be defined as the brea6k-point in a curve

in which the viscosity of a powder-air mixture is plotted against the

omount of aeration applied to the powder. An ideal curve would be like

the or.e Bhowln below.

Powdor Viscosity

•I •'• • •-•/ ......

Lncr•.Is Amokl-p in PAwder
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~~bulk ýx.*wer -roara rapteIy at the nw

~ t 1 It ai~chas tiie break-peoint between Stage 11 and
.. •I ,r cn'•r:;- of the aerated powder mass to an aerosol). After

•,•: ~I:•t t vlac-sity reurais more or less constant.

" "h•,V ýta of on aerogol from a bulk powder by applying air may

-e 11t1-ned tso stirring into stwpension a friable solid that converts to

a vi•.cou fPtA.d which eventually acquires the viscosity of the fluid.

•.-t the sf,•a stress Lpplied by the fluid must be sufficient to over-

coiri the vield-point of the plastic stress, then the shear stress must

durupt the •'iscou" partially aerated powder and finally wfxlng nust

to equii1briuir,

To 1nve-ntigate thits concept, a general purpose Stormer Viscostmeter

of the type shorn in Fig. V-7 was employed for measuring the viscosity

of Aerated rowderb. The systým was patterned after that used by Matheson

el al. (1949) in their stuly of the characteristics of fluid-solid systems.

7-he dimnitionr of th. ,owder column and the stirring paddle are given in

Fig. V-8. Tho powd6r to be Lested was added to the aerating chamoer

(fiuld bed) tuti It completely covered the stirring paddle. The flow

of air througb the noro!s plate and into the powder bad was adjusted to

pro6vde fluldization of the powder. Weight IA 5 gram incrments was

013ncvd on the pulley so that 10-20 seconds wore required sor the paddle

to make 100 revolutions. Thy al- flow was reduced and the time required

for 100 revolutions was recorded. This procedure was followed at suc-

ceslsively lower air rttes until flow was r.ached at which the paddle

would not turn. The measurpments were repeated at tncreasing air flow

and the average of the two measurements was taken as the time required

for 100 revolutions 3t the designated 61r flow,

The above time can be translated .'to absolute units by making time

meaaurementa on, 9olutions of known viscosities ce follows: 7he porous

pluo was removed ond replaced by a flat flange, Glycerol solutions In

c(-t:entretJon!i varying from 0 - 100t were prepared and the time required

f"• 100 rovolivrions was reotrded for drivIng weights of 1. 5, 10, 25,

40,. gnd 50 grttr loads. A family of curves was obtained in which the

tU tequired for 100 rovoluttons was plotted agalust viscosity for the

SBost ACopy
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dt"ir Wý'ýhvsA typlcAl Oazi~y of #alibr~feftia uvea $boas

~i bt1n~, hrfoaa spscijfic *I=- and driving Wighit

meuweraenta s tue viscosirneter were iade an three,

z: 'ulazic earid. nai fr!±tlm ., obtninod by screening, wer

'1t. lt15iŽU and 15O-3501,;. The results are plotted in Fig. V-l0 andZ

t I !:Lxr thuh the br6ik-pGnInt was easily defined.

A9 uwtad in the cmrlitPal ýevzi•-w, the use of dry additives for nodi-

fy-ng bulk properties of powders 1. practiced extenstvely, primarily be-

cause +the dditives can be incorporate" into thhe powder very simply. At

e ~present stste-of-the-art, additives still reiain as the predominant

moan4 for modifying the physical properties of a powder without sltering

its wize rr chemical properties. Additives were used widely in this

progra,, and it was obvious that they can bring about useful change in

the aul'k propexties of the powder.

1. Fowabilit

'!resta on the effects of different additives on the flowabIlity ef

ziýr rrdmium Fulfide powders ware made. These powders were chosen be-

cauao in the untreated state they are sticky and did not flow easily.

'Mo flowability tests were performed with a notched wheel-hopper com-

tinAation described earlier.

Approximately twenty additives were evaluated. The various additives

used and their effects are shown in Tables V-i and V-2. The results re-

Cltpý: not only thl ease with which the toothed wheel was filled and emp-

ttre, but. alo chanses in the bulk density as may be Influeoed by the
tive. Thv results showed that sO- add 4i-ves strongly altered tae

r ,v propert•os while others did not. There in, however, a deft nite

tro;,O, The ajdittives which caused the greatest change in the powders

•_P& thy.* choractertstics in comon! their particle sizes are in the

mlittcron - rent*; they have hydrophobic svrfaels, and they have
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Tuble V-i

MMMEKWs•71T OF FL(MABILITY OF ZINC CAMIUM SULFX *

WITH TEE NMTcHID-W•HL PIMWR FEEDEM. SERIES #1.

tConcen- Feedt Rate % Iucrase Over Notration (gr/Min) Additive Powder

Non- - 3.3 -

Valron Estersil 1/4% 6.0 82%
Valron Es'.Pr'sil 1/2% 6.4 94%

Valron Estersil I% 6.8 106%

Hydrophobic Silica GS 1/2% 6.4 94%

Cab-0-Sil M-5 t%4.4 f 3A
Cab-C-Stl H-5 ,I 48 4-%

Cab-o-Si1 H-5 1-/4 -1.6 39%

Organ-O-Sil Ir/ 7.2 ]i1%

Sartocel Z 1% 4.2 27%

Quso F-22 1/2 5,2 5A

Ma -ss i8% 3 .8 15%

* xitrescent powder #M-5-170 zirc cadzmi sulfide was employed as
,he urýýreatvd -",terial.

t i-he feed mechanism was Metronics Assoctates .Model 111 5-3,
Serial #10, operated at 15 volts.



Table V-2

WA W OF CF L4WABILITY CF ZIlN CADUIaI MY=lI
EInli TOK IN7T-WXUL POWIXR FMU~. 8=118 #2.

Con-en- Feed. Rate f nc eu Ovioer so
tration (gs/in) Additive Powder

None -- 3.9

Hydrrphobic Silica GS 1/2% 9.8 151%

Organ-O-8il 1/2% 9.2 136%

PQ 2340 1/2% 8.9 128%

PQ 2326 1/2% .2 Ila%
2-2 Ca. bon Black 1/2% 7.7 98%
2-4 Carbon Black 1/2% 8.0 105ý
2-6 Carbon Black 1/2% 8.8 126%

kaophobe 1/2% 6.5 6

*Fluorescent powder #MLS-218 zinc cadmium sulfide was used as the

witreated natp-isa.

The feed mechanism was Metronics Associates Model III L-3,
Serial #10, operated at 15 volts.

It was doirablia t._ determine the conccntration of additive which

would import the maximum tlowability. Usiag Hydropbnh, i Silica GS as

-he additivs, mixtures containing 0.2*, .. 5%, 1.0ý, 2.0* and 5A0% by

weight additive were tested. The resvitq, plotted in r'ig, V-Il, showed

that there is an optimum concentration, and t-is oi.tlnum 1s around 0.S*

bate; the bulk densitieg of these siinc-- .dM'l'- suiMfid:ures %ere

nmasured, and it was found that the denslty cu-,'e closely fol'lowed the

feed rate curve. Con-Reuently, because of tno rmethod of -ssfssing flow-

abJlity, the changes in t.he f~ed rate observed i1 !! opim-i ýCdftive

c¢nc wtion may have du .In R part t 'o, in th- L-alk densityt

and chanoe_ in tih f-- I" o the 1,1 dor. F.,°r req-;.; ur
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u. Glass Be•ads

,•io of repose moutiments on 44-62p glass beads and 1-30P
beads i treated with various percentages of Cab-O-81l are shown in

V-. 12. The offect of the sllica additive on 44-62P grlasa boads was

.ih rauge O% to 3% additive; at excessively large additive

, .tior, the angle of repose increased slightly. In comparison

• •tiaa1 beads were influenced markecily by the silica additive. The

of ropose decreased o3eadlly from 680 without additiveto 350 with

-i ddCt.ve. Again at larger concentratioc. of additives the angle of

ropv!su increase0d.

b. Microthene

Curvwes for the angle of repose for Microthene treated with

Cab-O-Sil U-5 and 1Q 2340 are shown in Fig. V-13. Doth additives showed

u n arked efict on the angle of repose, and both showed an optimum con-

ceitratlon of approximately 1.0%. Although PQ 2340 gave a smaller angle

eut the optimum- concentration, the difference between the two additives

wq Plight. Again at high additive concentration, the angles of repose

I.nc-,rse, indicating that the frictional and/or adhesive forces between

particles increased when excessive amounts of additive were present.

c. Spccharin

Angle of repose measurement for raccbarin treated with various

percentages of PQ 2340 silica is shown in Fig. V-14. The optimum con-

centration of additive is approximately 0.7%. The angle startx to in-

easoee at excessive additive concentration as was the experience with

glass beads and Microthene.

The most obvious conclusion from this series of tests is that

Is an optimum concentration of additive for a given powder. At

eatrations greater than and/or lose than the optImum, the angle of

- •_, increoges, indicating that the frictional and/or adhesive forces

t i-o bulk pojwder have increased. Thux, these angles of repose &*a-

tro•,nts support u conclusion suggested by the flowability tests.
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'gel-i-vt f Diflerant Additivai

- om'' tkn~ bi~li prtunrtles inasuwaments Indlosted thet

....... a the B±• !eIst and the uosi reproduclbli measure-
tbi proce vr was employe to xploild tt-a

addlt-va;! on powd~er behavior.

Sf -'•~t erfoan of te.%ts, ton different silica additivea,

dl.fi•irant po=rties, were added to saccharin in i% Qua'

"h.e -Mitl'es te4,ed. The results are shown in Fig. V-I5.

al t i the hydrophobic coated additives produced * lower

-o r....e than any of the non-hydrophobic ones. The averaged

rIposu for hydrop:.obic additives was 47.20 with a standard

dwintý,n ol +5.4. For the non-hydrophoblc additives, the average was

4 • 1.4 . "Tho obviotvs coneluslon fr*m these tests was that a good

Po-•:•7r TZli -mdditive for saccharin must have a hydrophobic coating. It

u ed hota in the flowability tests with zit-c cadmium sulfide

"• -iorgazil powder), the additives which produced the b,.3t flow also

1i tte second series of tests, It wai decided to expand the

fect o.•f t!*-'rcnt additivea by interchanging four base powder and foeur

- •cinb with w.dely different physical and chemtcal properties.

Tao pewde•.-v wore: (1) Saccharin, 3 to 401, irregularly shaped.

, cr stalline, soft. (2) Glass beads, I to 30p, spherical, In-

S... -41crvst*lline, hard. (3) Quartz, 1-40p, irregularly shaped,

.. ryst-llne, hard. (4N Altvinum, nod 3%, semi-spherical,

_?. tectricaliy conducting.

1--o edditlVios were: -,I) PQ 2340, 0.02p, hydrophobic aillca,

* - u.ab-O-Sii. O.012 non-hydrophobic. (3) Magneseia, 0.05,

- 1 bopie•i..i, crystallne () Carbon Black, 0.015px, hydrophcbic,
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Table V-3

EFF11(T OF Ajf)'iTIV7S ON ANGLE, OF REPGSE

Powder Additive Angle of Repose

Saccharin none 720

PQ 2340 460

Cab-O-Sil 590
Magnesia 630
Carbon Black 580

'Glass Beads none 680
P9 2340 290
Cab-O-Sil 350
Magnesia 350
'Carbon B0a'k

Quartz none 850
PQ 2340 . . 80

Cab-O-Sil 700
Magnesia plug5 up
Carbon Black plugs up

Aluminem none plugs up
PQ 2340 plugs up
Cab-O-Sil plugs up

Magnesia plugs up
Carbon Black Plugs up

nle trends are easier to see when presented in the following way.

CHAINGE IN ANGI. OF REPOSE

(+ increase, - decrease)

E: riQZ P2340 Cab-O-Sil Magnesia Carbon Black~
Powder

Saccharin -26 -13 -9 -14

iGlass Beads -39 -33 -14
Quartz -17 - 5 + 5 + 5

,Aluminum 0_0 0 0

Aluminirn was unaffected by any of the additives. Quartz showed

slight chanvis; it was adversely affected by "he magnesia and carbon black,

but the two silicas, PQ 2340 and Cab-O -Sl, produc-d a positive Yffect by

lowering the arnge of repose. All four additives improved the flow of
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a n t 1 ef fect (;-' the addl tives on Raccdmr'rn woo

more selective; the PQ 2340 w, ; the tv,, beneficial, the magnesia was the

least. Overall the PQ 2340 produced tli; largest reductien ,. the angle

of repose of the powders tested.

3. Adhesive Force of Powders

a. Microthene

The results of adhesive force mea.urements with untreatea and

treated (with PQ 2340) Microthene are shown in rig. V-16. It caa be seen

that the adhesive forces (intercepts on the ordinate) of untieated and

0.1$ treated Microthene have higher adhesive forces thar the 1.0/ and

the 5.0, treated powder. The calculated interparticle adhesive forcc.

of the powder mixtures were 5.4 X 10-4 dynes, 7,C) Y 10-4 A,,--

2.4 X 104 dynes. and 2t2 X 0 dynes, respect4vely. Therefore in

.a very general sense the effect of the hydrophobic silica additive was

to reduce the calculated force between the particles by factors of from

1/2 to 1/3.

b. Saccharin

Measurements of adhesive forces for saccharin powder, treated

with 0%, 0.54, 1.0% and 5.0C PQ 2340 are plotted in Fig. V-17. The re-

sults werz not reproducible as three determinations of the 1.0% treated

saccharin gave 1-idely different curves.

I

Further e.:orlm tA'ton with the powders was made in an actemp.

to impro;e the technique, but it was finally conciudti that thits method

for meaeurements on these materials was too erratic to nroduce vood ,e.-.Ita.

At best, it con ony yield general trendR.

c. Individual Particles

Although the measurements of adhet•ve forre of bulk pcwder did

not reveal any definite trends, they did suggest that the additives were

effective in reltt-ng the adhesienesd between particles. To supplement

the above tosts, a aimple procodure, previouasly employed by Be l1hv (19211,

was usod to mensur,, the adaebivenes. of individual 1 jnrticles to a glz5

surfnco, his procedure was to arop onto a .microscope slide inx" >izes
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adhe~.. t~ ~uxin~ r~ re-i~1 ~;hti~th~ '~uI thz act~ ~'' t) v The~ glass-me-til

adhesive for 'e per 'lit ara.

Bellbv's measurements were rept.ted w':•-ng spherical powders "as

received" anti powders which had been coated with one of the currently

used additive agentq t.o determine If there was a change in the adhesive

force due 'c, the additive. Tests were made with metal spheres: copper,

5-150 microns; stainless steel, 5-150 microns; glass beads, 1-50 microns;

and Microthene 1-30 microns. The additive used was 5% PQ 2340. The

following obLervations were made:

1) The metal spheres as received showed no agglo.teration and
th- largest single particle adhering to the glazss was ap-
proximately 15 microns diameter.

2) The silica additive increased the agglomeration tendency
for metal spheres so that agglomerates in the ranqe 50-75
microns were seen. Some tendency to formi chair-]4ke ag-

glomerates was observed. However, these agglo.erates were
weak and would disintegrate when the glass slide was tapped,

3) The presence of the addcl•ve did not cause a significant
change in the size of metal spheres tha- would support their

4ý The glass ben'd and Mtcrothene spheres as received were

ighly agglomerated, particula--ly the latter ones. The

.largest glass head agglomeralte adhering to the glass was
| approxim-ately 20n m!crons in diimeter, and the largest
M.!icrothenp• a.Ig~,erate was about 600 mlcrons.

5 The silica additive iecreased the -lg1 i o- tendency
for glais -1nd MINcrothene spheres drastlailv, -eductng the
agglomerates to approxitmtely 75 mri Ons.

6) The untreated glass and Microthene ýFpherea adhered firmly
tc !he glass and showed ac, motion :zider the microscope whcn
the glass slide was lightly tapped. Duk !:he treated spheres
w,.uld readily slip over the v-fýco- of .he gia1, slide on

t;-',SiAnt cud rpglomerates would form and disintegrate with

otlAnuous tapping.

The ,-irlginil pu:rpo.se of the test, detecling \,h:lnges in the nornnal

contact force between Frias• and primary p:,tIct, wam ,'uered V)y the

complex forces between partIclle-, In a/gglcnr,.neri te;. was no effect of



ad.'It ve in *he coe of tietni spheres; it F' agi norrn:- ! r.ntac! frof cor! uo

not h- m.nenured in the cnse of - h df,, and.. icro.... e S..res. .nwever.

ill the agglnirn tý? CaspE, the shear fc:ce for sidewavs movement was certainly

lowered by additives.

4. Viscosity of Aerated Powders

Measurements with the Stornmer Visco•imeter were mide on glass beads,

saccharin, and Microthene.

a. Glass Beads

Glass beads, 44-f'2p, were used for the viscosimetric measurements.

The strapo of the curve thr-I is obtained by plotting the number of revolu-

tions per second of the paddle of a 9torme-, vscosimeter against the mass

used to drive the rotor indicates the type of visco3ity exhibited by the

medium being investigated. Figure V-18 reveals the results of such mea-

surements with 44-624 diameter glass beads. A family of curves is obtained,

each one representing a different rate of aeration. Plotted on the same

coordinates is the viscosity of glycerine (1167 centipoises) obtained with

the same viscosimeter. Glycerine has true Newtonian flow. The rate of

3hear starts fr_,. zero and increases at a constant rate as the stress In-

creases. The rate of .h,,r-stress curve theiefore is a straight line.

The shape of the curves obtained for aerated glass beads are those charac-

teristic of a dllatant fluid. In thi. case, the apparent viscosity in-

creased with .iicreasing rate of shear. From the trend of curves, it ap-

pears that the aerated powders become less dilatant as the amount of

aeration is increased.

Figure V-19 is a comparison between untreated .ind treated glass

beads, 44-62ýi diameter. Measurements were made for three different rotor

weights: 50 gms, 25 gms, and 10 gins. It is !cen thzt thcre is little

difference between the two samples, therefore the eftect of the additives

was nagligible on beads of this size. This confIrms the results obtained

%ith the angle of repose measurements. In which little effects were ob-

served by the addition of the addittves on 44-62i gla's beads.
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?~treatc-ed %.1th various percentages af 1W4
"* -- ".*A!.ta 1..tt.* Ct:tit

redýI-o- lon in tth viscosity measurements. Further addl-

S5, produced mixtures which behaved nearly the sahe,

uoi v.•:ci : Ife viscoaity to opproximately 20 centipoices at an air/

;:,dtr v ei. z-atio oi 15. Mus the PQ 2340 additive caused the Microthene

' . .t emelyv fluid.

c. Saccharin

Untreated saccharin and saccharin treated with i% PQ 2340 also

S::•v• •,harply con'rasting results, as shown in Fig. V-21. The untreated

,;:::char~n e-Jaihbitcd a very high viscosity a"d had a break-point at a high

| tder r•o. On the other hand, the treated saccharin was very fluid,

i-!1!,jitjng ai [ow viscosity and a low air/powder ratio.

it would seem that the same processes which are responsible for

Sti chinge wo.uld be of importante in the aerosolization processes. Teor

S.pi tin Fig. V-21, the untreated saccharin required approximately 250

,itr vohqaei m in,/ powder volume before it exhibited the break-point ari

p!.•4ressedi into the aerated powder-mass stage. On the other hand the

treated powdelr required only 15 air volumes/mln/powder volume, before it

)Aý'LU'e an ae.-ate powder mass. 3tated in another way, the additive is

,:.iugiog the gaccharin powder to become airborne at a much lower rate of

air flow and with smaller shear stresses In the "'disseminating device."

£. '1•u8i~sson

The flowabil'-ty, viscosity, adhesion and angle of repose measure-

.ents are useful to characterize the behavior of a powder. The adhesion

measurements revealed only general trends, but the other three methods

gave valuable information on the bulk powders. The most notable trend

obmailned from these tests was that a 0.5% - 1.0% addition of PQ 2340 ad-

ditive to a powder gave the best results in terms of flowebility and fluid

lloil:•n. Addltrvea in amounts in excess of this were found to be detri-

tintal to the flow properties. This value is in agreement with the 1.0%
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valuz found bv Cr6i (1933) whern It* treated satrchl powder wit'.n a magne-'

v ium oxide additive, flir anglejuf taooas a ar-h leprosiuced inI:71g. V-22 below. Based or. their sheaa strengch tests, Nash et al. (1965)

* fiund tt~at a 1,04, addition of Ceh'-0-Si1 to Cprbowex was the optimmr con-Icentration of additive, Nash et al. (1965) calculated thpt a 1.0% addi-

ttoi, wP5 Juet sufficient to provide a layer of coating of Cab-O0-8il

* particles around each Carbowax particle.

fFiG., V-22 GRAPH OF ANGLE
OF REPOSE MIXTURES
OF STARCH POWD~ER
AND LIGHT MAGNES.UM'V wC
OXIDE iN VARYING
PROPORTIONSz
(from Craik, 1958)

0 1 3 4 5
CONCENTRATION OF M9O-pertint

A discussion on the mechanisiks by which stdditiveLe f rtction is given

in the literatur6 review or rdhesi-'e fý_r.,es .is Arppendix B.

[ As will be sho,4n in Section V111, there are correla":ions between

powder properties =.i erosoliza1.ility. The correlation is not surpritsing,

since the ease of flow, viscosity, angle of repose, adhesiveness and aero-

solizability all depend on how rnich Rttracttoa tbe!-c is between particles,

7ý , and how much force is needed to separate them. The angle of repose me&-

* sures this quality in a slightly different vty "'hau do the other tests.

The armle nf repose Is controlleC~ by the domwnwri ptLl1 on a particle due

to gravity and the motlou is overcome by a0heston between particles in

f the powder mass,

A characteristic of particles in the size rang~e 1-10Oi is that

arching or b.ridging of particles is common, formning powde~r beds with high

void volumes and resistant to flow. The void volumes can be reduced and

fl(,wsbility lucreased by inducing the particles to move o.- "r-11" iLnto

moro ttbt0 le position~. A mektourm of the "roll" of the rlrticles is re-

ilected In the manner by whin ob T~ilowak'flity tests were carr'.ei out.

The rela.ive "flownbliUty"' of pordlera Is ea~ily obser~dd subjectively.

72

.9 X

-77 -7
V,



I tI

but quantitative meeauremento vary widely depending upon the methcds

employed. In practice the 'tflowability" is best measured in the flow

of a powder in the devices and under conditions designed for their use.

Finally the viscosivuotric measuremen~ts reflect the movements of

pait ¾.-lar In an fexpanded" powder bed. In comparison to angle of repose

tozte, fluid hed tenta seldom have been used to characterize a powder.

Ylt, because of the interaction between powder and air, fluid bed tests

,?robably como clobest to simsulating those properties of a powder which

are associated wtth its aerosolizability.
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VI DISSEMINATION METHOD

The experimental dissemination of various powders was accomplished

using two general types of equipment. An effort was made to keep the

equipment simple in design, and the experimental products amenable to

analysis, and to perw4 t the application of a range of energies in the

experiments.

A. The "Puffer" Tube

Much of the work that had been codducted by others in the past on

the aerosolization of dry powders was done at relatively high energy

inputs. However, some powders may be aerosolized at very low energ,

inputs; f.cr example, lycopodium powder merely needs to be dropped through

a short distance in air for practically complete Perosolization. As a

consequence, the difference in the aerosolizabilities of several powder

treatments may be obscured by high energy inputs. Often the agglomera-

tion tendency of the powder is more dramatic when it is disseminated at

low energy such that the agglomerates dominate the aerosol. With this in

mind, a low ener;y dibaseminating system was set up. In this system a

vertical glass cylinder, 12.5 cm ir diameter ane 100 cm high was used as

the settling chauber. At the top of the chamber was a small shallow cup

for containing the powder. Spaced 1/2" above the cup was the outlet for

a small reservoir of compressed air. Tbe air, approximately 25cc, was

released fror the reservoir by moins of a quick-opening valve and "puffed"

at the puwder, with just enough force to make the particles airborne. At

the bottom of the 100 ca chamber was a slide arrangement for quick chang-

ing of microscope slides to collect the particles ani aggloserates after

they had settled. FTigure VI-1 shows the completed assembly. figures VI-2

and VI-3 show the top and bottom respectively.

A measure of the energy in the air hlast rap made by directlin the

air against an altauinum rod suspended in a xaanr so ti t' rod behaved

as a belliatic pendulum. By measuring the muxiam amplitude attolued by

the pendulum it was possible to calculate tf-s .nergy of t.ne air directed
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FIG. VI-2 TOP OF THE PUFFER SYSTEM SHOWING
THE CUP FOR THE POWDER AND THE
TIP OF THE "PUFFEP" TUBE

FIG- VI- "PLFFER SYS"EM FO DISSEMI NATING
P,04CERS AT (ý Ow NE RG' Thý,*glas
settl g Chorfib-P f 12.5 c' djrl or'd F!G. Vi-3 BOTTOM OF THE PUFFER SYSTEM SHOWING

0.C THE. M;C;ýOSCOPE SL;DF W' ~CLEER CHýARGER
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at t, e powder, When the "fpuffer" was preusurizid t.o 15 psi, a release

energy of appro- t1J 1.6 X 103 joules was obtained.

An .mportant consideration in the cboice of the puffer tube was tUe

reprodticiility oi the energy released. Repeated measurements of the

ampl4 tudc ý,f thc pczdulwu showed a variation of +10~. An independent

check of t~le reproducibility was made by measuring the air volume re-

leased uti [sing water displacexwent techniques. The reproducibility was

found to toe *5%.

B. The Aspiration ,3ystem

The aspiration system utiiizes a greater amount of energy and was

used in tests where this was required. The powders were aspirated by

two methods. In one, a Venturi tube was used to suck up the powders,

and in the other a pressurized box with a tube outlet was used. An es-

sential feature of these aspirators was i rotating horizontal disc for

metering the powder flow. Figuire VI-4 ..2ows the Venturi tube picking up

powder from a rotating disc, At times -,t was expedient to use the Venturi

tube within a pressurized box to facilitate powder pickup, and such an

arrangement Is shown in Fig. VI-5, Powder was evenly spread in a narrow

line near the circumference of the disc. The entrance to the tube or

Venturi throat through which the powder ias ejected was arranged directly

over but not touchlug the powder.

The most frequently used powder feed and disseminator was the oaie

shown in Fig. VT-S. Inside the 71/12" ditmeter pressurized cylinder is

q3-1/4" diameter rotating disc. The a'ppa atus could be taken apart

quicbly, cleaned and reassembled. It was u~e extensively to teat out

the different types of dissemtinator tubes.

Whereas th. puffer we!! a botch type dis~aainator, the aspirators

disacainsted powder continuou~sly and over controlled air/pow'der ratios.

The ratio of powder ti.; air could be varied by changing (1) the air flow

rate, 12) the *eight of powder per unit length placed on the rotating disc,

*ad f3) tb* speed of rotation of the di~sc-,
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FIG. VI-4 VENTURI DISSEMiNATING TUBE PICKING UP POWDER FROM A 12' DIAMETER ROTATING DISC
The powder to air ratio can be changed by altering the air flow or the rotational speed of the disc

•'71

FIG. VI-5 PRESSURIZED DISSEMINATION CHAMBER WITH A 12" DIAMETER ROTATING DISC
FOR METERING rilE POWDER AND A VVNTURI TUBE FOR DISSEMINATING IT
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FIG. Vh-6 12 INCH DIAMETER PRESSURE CHAMBER FOR METERING AND DISSEMINATING
POWDERS. The straight'capillary tube shown can be removed and replaced with another tube
of 'different configuration
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The aipiration system had flexibility to permit experitmnting with

'h-* different configurations of disseminating tubes. Rxzamles of the

types of ttibe used in experiments are shown in Figs. VI-7, VI-8. and

VX-9. All the tuLes were constrlicted from either copper or brass except

in one case. The une excroption is týio polyethylene coiled tube shown in

Fig. VI-9 which was used only to a limited extent.

The aerosol chambers used in this program varied in size and shape

depending on the tests involved. The laminar flow settling chamber was

most *requontly used and it to described in detail In Section M:. An-

other chamber, a wooden box 6 feet high by 12 inches by 14 inches was

also used to some extent. The inside of the box was lined with alumLnum

foil and electrically grounded. Figure VI-1O shows the 6 foot vertical

chamber with tte large pressurized powder disseminating box under it.
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FIG. VI-8 CAPILLARY TUBES ')F VARIOUS
LENGTHS USED IN
DISSEM11NATION TESTS
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FIG, Vi-10 S;X FOOT VERTICAL AtEROSOL SETTL-NG CtlIAMBER WITH
FPRESSURIZED POWDER DISSE,4IN1AT;NG CHAMBER
AT THE BOTTOM
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VI• •SS•SS•B•T OF a•O•OLS

A. Introduction

•n the study of the diss•'.natlon of bulk po•ers to form aerosol•

it is all i•ortant to be able to measure the particle si•e o• tbe aero-

sol and the weight fraction of the original b•lk po•der co•pristn• the

various size ranges of the aerosols. It is seldo• possible to obtai•

all the desired data, except perhaps under carefully controlled and highly

elaborate laboratory conditions.

At present, there seems to •e no slng•.e •ethod adaptable to all

aerosollzation s•tuations. A simple and direct method •s the count•

and sizing of particles which have settled on microscope slides. This

method provides •ood flexibility a•d •hoice of sa•llng loc•ttons•

Accompanied by photo•lcrography, it provides a good record of results

and f•equently reveals information about the nature of th• settle• de-

p•ntt that is not obtained by indirect me•hodso The laminar flow set-

tling chamber described in this section allows for •mss analysis of the

aeroscl• which, supplemented by •tcroscopic observation of the settled

particles• p•ovldes useful •nfo.•ation on the t•rp•s of particle• dis-

B. ILtcrosco.oic Countin•

I. Technique

The techuique for •croscoplc counting of particles wes to view a•d

coupt all particles and agKlo•erates wtthln a calibrated field of •he

Btcroscope eyepiece. The slide was moved such that field coun¢s were

wade at random locations throughout the slide. A ein!• of t•n tteld•

was counted, w•th the •axtmm number dependtn• on the vsr•abil•-ty of

the field counts. In •eneral, 400 particles per slide wer• •o•nte•.

From the kno• •reas of the fields, the uu•r of particles p•r IRe of

•he slide was computed.

•5



Whenever possible, a distinction was made between an agglomerate

and a primary particle and these were tabulated separately. Any two or

more adhering primary particles were considered an agglomerate. The

difficulty, then, occurred in the identification of primary particles.

Agglomerates of glass beads, because of their spherical shape, are rela-

tively easy to Ideatify. On the other hand, agglomerates of saccharin

or feldspar, which are Irrgularly shaped, were difficult to distinguish

from large primary particles. For example, Figs. VII-I and VII-2 are

photcoicrographs of untreated and treated feldspar respectively, which

had settled on glass slides. There are obviously two large agglomerates

in Fig. VII-i, but in Fig. VII-2 there are numerous small agglomerates,

and even a few single particles. The difficulty lies in deciding whether

the particle-agglomerates existed as a single air-borne agglomerate and

scattered on the slide by impact, or whether they were small particles

and agglomerates which happened to land near each other.

Therefore, assessment of aerosols by microscopic counting was

limited to powders whose particles are readily identifiable as single

particles or as agglomerates of particles.

The results of microscopic counting are tabulated by: the number
of primary particles/nmm, the number of agglomerates/mm and the per-

centage of agglomerates.

The reproducibility of this assessment technique was evaluated using

easily aerosolizable glass beads, Four 0.040 gm samples of glass beads

with a particle size range of 5-9% diameters, were disseminated with a

gentle puff of air and allowed to fall through the 100 cm high chamber.

Deposition slides were taken in the time intervals 12-60 sees and 60-

306 aecs, and the particles counted by three individuals. The results

are tabulated in Table VII-I. The reproducibility of the indIvidual

counters in assessing a particulax slide average +14%. The reproduc-
ibility of the count--roprosentin.; a measire of the overall production

and evaluation of an aer osal--was calculated to be 120%.
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FIG. VII-1 UNTREATED FELDSPAR 0.5-50M DIAMETER,
DISSEMINATED IN THE "PUFFER" WITH THE
"PUFFER- SYSTEM IN 100 cm HIGH CHAMBER



FIG, VII-2 TREATED FELDSPAR 0.5-50. DIfAMETER

DISSEMINATED AS ABOVE
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2. Coiacidontal Se0ttling of Particles

3 Amotbor limitation of microscopic counting Is that seme particles

always settle In juxtaposition on a slide and thus can be counted as an

agglomerate, although they existed as single particles In the air stream.

Thus, It is Impossible by this technique to determine the extent of die-

seminatiou of presized particles In the air without some measure of the9a eaieusnmlticolored fluorescent powders, and the results

gave fair agreement between observation and theory after suitable cor-

rection had been made for particle size.

The amount of overlapping of dust particles on a settling plate

increases with dust concentration per unit area. For the simplest case,

Irwin otal. (1949) proposed that the concentration of the primary par-

ticles on the plates can be measured by the quantity

2
U -

4A

where N is the number of particles of diameter D (all equal size), falling

at random over an area. A. # Is then the ratio of the sum of the areas

of the particles to the area of the plates. The mean agglomerate sizte,

is given a:

where C Is the number of agglomerates on the plate. In order to reduce

the percentage error of aoerlapping, l00(N-C)/C, to less than 5 percent,
2

the number of agglomerates must be loes than 0.0297 A/D

Armitage (1949) exten~ded the calculations to --, the more realistic

'Cess wtaere tho particles and aggloserates are of wmneual circles. How-

ever the corrections are small anld for mest practical applicationa, the
estimates given by IrwIn et al. are sufficitat.
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The above references Indicated that assessment by microscopic

counting is velid when the particle population in sufficiently low that

the agglomerates can be distinguished from primary particles. In a

recent study on aerosol reaggloweration, Knutson (1965) reported some

difficulty with coincidental settling of aerosolized particles. He

observed three times as many doublets and triplets as predicted by theory.

The cause of this discrepancy was attributed to electrical charges on the

particles. Knutson states that "an increase in the effective radius of

the particles by a factor of the square root of 3 caused by particle

charge would be sufficient to bring agreement between theory and ex-
SR periaent."

In a series of experiments similar to that of Knutson, a measure

of coincidental settlini was Rode ,---!trZ tlff,-7: 6)1o 1d iorodscent

zinc cadmium sulfide powder. The experiment was as follows:

An aerosol of green fluorescing zinc cadmium sulfide #3206 was first

dispersed upward into a cylindrical chamber 2 feet in diaaeter and 7 feet

high containing miscrescope slides at the bottom. The aerosolized par-

ticles were allowed to settle for 70 minutes at which time all the

countable particles had settled. Yellow fluorescent particles 42267

were then dispersed in the same manner and allowed to settle. After

complete settling the mixed-color agglomerates were -ounted. The re-

sults are tabulated in Table VII-2.

Some operator judgment was required to distinguish the agglomerates

from single particles, Examples of the method of tabulating single

particles and agglomerates are given below.

Microscope Field

1(2) 114) 112)

112) (,2)

•9
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St Table V11-2

~~~~~~Amount of TtlArq ot

Test No.i Powder Particles %on Total

SAerosolized cut M

S160 .1 &a Green Yellow 2261 640.8 * 83.9 85.45%

S.25 gma Yellow Green 312 88.4 * 18.6 11.79f

1A~ql. (each = 1) 33 9.4 * 3.4
Y In AggI. 38 10.8 * 6.6 1.44%
GAn Aggll. 35 9.9 *k 6.9 1.32%

161 .13 gm Green Yellow 23.50 511.1 77.3 70.39%
.25 gma Yellow Green 863 184.9 ±18.9 25.87f

lAggl. (each =1) 60 14.5 9.9
Y in Asgl. 65 15.8 ±11.0 1.94%
G in Aggl. 63 15.1 ± 9.7 1.89%

162 .25 go Green Yellow 3116 391.8 ±79.2 68.01%
.25 go Yellow Green 1322 251.8 ±28.4 28.85%

Aggl. (each = 1) 70 13.3 ± 4.1
Y In Agl. 73 13.9 :: 4.4 1.59% •i

SG in Ag1. 71 13.7 *- 4.4 1.53%

i 63 .30 to Green Yellow 1666 485.4 * 82.3 50.20%

i.25 gm Yellow Green 1435 418.1 + 85.9 43.24%
SAggl. (each = 1) 9P 286. * 14.1

Y in Aggl. 115 33.5 -+ 15'.6 3.46%
SG in Aggl. 103 30.0 t 14.9 3.10%

264 .35 gm Creen Yellow 2256 612,7 ± 123.3 52.934
.25 grm Yellow Green 1733 473.8 * 62.7 40.71%

Agl. (each --1 133 36.3 * 10.0
Y In AggI. '.-M 37.1 1 10.5 3.19%

•G in Ag1g1. 13$ 36.6 ± 10.8 3*.lT4~

S.25 go Yellow Green 1995 581.3 93.6 38.754
Aggl. (*elih 1 ) 1921 53.9 ±10.1

Y in Ag1. 261 58.6 1• 1o.7 3.90%[i•
OCin Ag1. 1" 68.0 o.0:7 3."t

- -

TestNo. e Prtiles verge o~z %2



to this guide each circle represents a particle. The firat umber
under each represeetstion of maglameato grouping was recorded as thea

ime: of agglomerates. The wmber In time parentheses to the nober of

particles In the agglomerate. A uingle bead-like chain o! a stngle

color was conidered as one particle.

Pror~dIng suitable corrections are asd* for the site of particles,

reasonably good agreement between the nuaber of doublets found and the

amber calculated can be obtained as revealed by the follow'.Ig calcu-

lations.

After the first cloud of particles has aoettled, the probabillc7

that a doublet will be found between a particle of disaater Dfrom the

first cloud and a particle of diameter D2from the second cloud will

be given by

%2

P Dl D 24A

where

PDI D probability of a doublet.

"%heibr of particles for cloud I with diameterD,

D, parti.1e diarc-,er for cloid 1.

D2 par-ticle diametzr for cloud 2.

A a- ai ver which ;article* '-A settled.

The w~mer of aine~d doublets found between partelc, of d~ameter

Dand D2will be

I. D2

#3

'W7i
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whoe mandX iar the toalumer of pxarticlres from tahe coud pand

tideio 3 iliveeteae the tumtar ofna mixe coloed doublets sl egvnb

becus ter z* om dubetfomdothsaclrndheeod

coloparicl tat mottle on this dobe D2 2d11Id acDea2 rpe

whnr Noules of the thme totlor nubesof particles of rhe thme colord 1vary

widely tIn 3iz wil oerstmae heube of Inopeedseso.Itxstd coloedo doblet

bessumed threartsm doublets md of the sameclr -. e cunted asinglte secon

rtheros tanda dublt. Thiy oberuedstoimation ise notbe of great cosqeclo

agglomratiesitrovidiffiul trpe adjustment Ish baete for the massilesni

andte dandto theegeameti colodr. dlsviartiole of the nart clolore oary

Forel ine size bcadse ofinumletde drispetsin dcibe Iny thefre bext

th~.e paticat dobetsr='PG of the sae poloer werne covunted fs sihge pambr-

opaglmrtice# protiding tro ter floostrix ismaf the aaaa mea dvio y*ewi-h

of powder aerosolitad, and theo wass mean diamtur (MM In microns coftn-

putod from

P-particle d.msity 4 gm'cm3
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Thes. disasters are given In Table VIXl-.. The AM) for the yellow

fluorescent particles ranged from 7.S 9 .2ZM, while those from the green -

fluorescent particl.es ranged from 1.0.0 11.0p These disamters are

mwcb larger than the OW of the two fluorescent particle colors determined

by complete aerosolization of these materials or by complete dispersion

on a microscope slide. Complete, dispersion reveals, an 00 3.i4z for the

yellow and 3.7p NO) for the green particles.

A comparison between the observed and calculated number of aix~d

color agglomerates was made by first assuiming all particles of each color

t, be the same size and equal to the mass mean diameter obtained from

the settling experiments. The calculation was then corrected for the

spread In particle size. F~or uniform sizes Zquation 3 reduces to

n1 I N ¶12 (D 1 . 12)

The numbers of two-color agglomerates calculated and observod for

each trial are shown In Table V(11-3, Columns 11 And 12. With the ex-

ception of Test 182, the ratio of Mhe calculated to the observed number

of agglomerates Is nearly constant ranging from 2.23 to 2.58 with a meanI
2

value of 2.39. That is, the number of agglomerates/mm calculated fras

the mean IM~ of the two m~aterials, and -, geometric standard deviation of

1.0 was 2.39 times greater than the obse! ved number of aggklrterate-4.

Eowever, the mass **An diameter of the particles having a range of

sizes will be larger than the surface mean diameter and a correctioni

must therefore be *Ade which includos the geometric st.andax-6 ~~t

of the particle sixes on the slides. This may be weasured by siziIng

all the particles. An alternate method it to transforn the 1W to the

mean square diameter by the relstlonA:

D
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wbore

1)- umuber mean dimter

D = mean aquare diameter

D geonetric mean diameter

S- rnmetric mean standard deviation.

But

(D) = DC3/2(AnOrg) 
(8MW (D3)1/3 . zs•(• ) (8)

9

Therefore

2 2 ng
D = (no)e (10)

Since the calculated MID's for the twc materials differ only slightly

for the two colors, we may assume that = fl• and also that 9 2g1

- CTl, so that Iquation. (3) may be written

N" ra ll2(]lMV) 2 [e" (A "ag) 2 + e- 2 ( lan°g) 21

1,2  2A

where N' ,2 Is the corrected number of mixed-color agglomerates based

ou a log normal distribution having ag other than unity such as eesumed

in Equation 5.

The calculated nmbor of agglomerates in Tablve V11-3 was calculated

from Equation 3 and is equivalent to using the average value of the i)

for the two colors computed fros Equation 4 from the PiO in each experi-

mnat. That Is,

01,2 4 (2
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The ratio of K1 to the corrected value N Is,b ai~ fN 2  '1,2

"N 12 2 (13)

N1, 2 [e7 (7g) + -2(Anag

For the ratio N, to be 2.39, the geometric standard devia-
112N1.2

tion calculated to be 2.2. A Vg of 2.2 is not an unreasonable standard

doviaticn, since the size of the settled particles and agglomerates on

iche slides ranged from about O.5p to 200&. This calculation leads to

the conclusion that the number observed and calculated mixed-color

agglomerates cau, with sufficient observations, -be brought into close

C. Photography of Falling Particles

A brief investigation was made into the direct photography of falling

aerosols, In an atteept to identify the particles and ag;lomerates while

: they are airborne.

The method consisted of photographing the aerosolized particles with

a•n extended bellows camera using a stroboscopic light source to illuminate

i i!the particles. In this way, each falling particle preducas a series of

dots cu the photagrapli. By knowing the mag•ification of the camera and

the speed of the flash, a direct &easure could be made of the rate of fall.

Figure VTI-3 is & photograph ot falling p-amino-benzoic acid pow#±Ar. No

4 effort was made to obtain coaplete dissemination of the par•ir.les; conse-

quently agglomerates greater than 100g were observed. The white line In the

center of the photograpb is a 2.1-am diameter rod to serve as calibration

of the overrl aagsificatlon. In this cas", the magnification was 1.7.

A With a flash rat* of 83.3 flashes per second, the fall rate of par-

ticle per sec is = (Spacing between dots) (83.3)/1,7. The series of

small dots indicated by A had a fall rate of 4.8 cu/sac or an aerodynamic

diameter of 40g. The line of dots indicated by 8 had a fall rate of

80Q c/sec or an aerodyna•ic diameter of 185. The size of dots in the

photograph bears no relatioa hip to the size of the particlos. The iwages

mere-y represent scattered ght• and because accuirte focus would be
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FIG. VII-3 PHOTOGRAPH OF PARTICLE TRACKS

OBTAINED BY STROBOSCOPIC PHOTOGRAFHY
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only a coincidence, there Is no relation between dot site and particle

asio. The sole criteria of aerodynamic particle asOz is dot spacing.

It Is obvious from this photograph that the aerosol contained many larg

agglomerates. For slower falling particles (104J diameter) slower speeds

of flashing can be used, although It would probably be difficult to

record traces of particles below Up4 with the equipment available. This

approach was not expended because it did not seem practical to expend

much effort to develop an assessment technique that offered limited In.-

formation and which could Involve elaborate equipment for the particles

of Interest (I-l(o&).

D. Laminar nlow Settling Chamber

1. introduction

The agglomerates resulting from dissemination of dry powders are

difficult and exasperating to size, and consequently the assessment of

these aerosols by agglomer -es sizes is plagued with uncertainty. Even

In the situations where the general dimensions of the agglomerates can

be measured, the esie Itself does not reveal very such Information.

Because of the loiose formation of the agglomerates, sometimes in the

form of chains, it is nearly Impossible to calculate the aero-dynamic

properties of the particles by optical measurement of the particle siz~es.

To illustrate, a 1(0i particle of density 1.0 go/cc will settle at the

rate of 0.3 cm per sec. A loosely bound agglomerate with an average

density of 0.1 gmcc and a diameter of 31.44 would also settle at

0.3 ca/sec; however, the mass of the agglomerate would be 3.16i times

that of a single solid particle. Therefore for moot practical applica-

tions of aerosols, it is their aerodynamic properties which are of

interest to the user. A

For these reasons, a lanhar flow settling chamber which measures

the size distribution of particles and agglomerates in terms of their

aerodynamic properties as they exist in the air stream, was developed

as a means for assessing the aerrosolization process.
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2. Dsactlption and Operation of th,. Chamber

The lanmlas flow settling cLsmber, in Its m~et simple form, is a

long, horisontal shallow chasber throu ,h whch amromol-ladm air Is

passed. bre complex form have aultiple number of settling plates. As

the air pesses through the chamber, the a4rosc- particles settle out,

and the location wher a particle sattles depends ca the air flow and

the gravity settling rate of the aeroeoliaed particles.

fte chamber employed In this work is shon schematically in

Fig. VII-4. It contained U2 peltlia• plates which are six feet long

(183 cm) and six inches wide. The rertical spacing between each plate

is 0.25 inch (0.23 ca).

The duct section of tL chamter for introducing the aerosol to the

plates was comprised of three detachable parts. The aerosol was intro-

duced into the chamber at the bottom of the tapered duct section, as

illustrated in Fig. VII-4. Th•. aerosol may be generated by any of the

various nowder disseminators. One powder disseminator, described in

Section VI asJ shown -z* TIg. YR-6, wpq used extensively in the chamber

tests. The period of aeroe4 soeratiou could be varied from a few

alnutes to a few hours, depending on tka typ of powder diuseminator.

The air flow throcgh the chamber was adjusted to control the particle

Ise range over rhich the rnalyeis was desired. For most of the rork

reported here, thb air iutroduced with the pvwder was in the "'n.e of

10-33 A/sin. Dilution air was added zswe that the total flow thlough

the chamber was In the rage of 70 to -00 k!'itn. A& 100 A/sin, the air

velocity was 'a1 cm/sec, at a Reynolds No. of 56 beteen plates. The

air flow leaving the chamber was edjwlu d by means of a vacuum pmp to

equal the air flaw entering the cbamber so that the air pressure inside

the chamber was essentially atmospheric.

Aftesr a test, the plates were removed indivitdually &ad the material

on measured sections of the plates washed off &nd analysed 6y chemical

methods. Data for particle smie distribution c the plates was obtalned

by graphical methods from a knowledge of the weights of powder found on

each section of the plates. It was found that material on all plates
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need not be analyzed slut anaialais of five pLates raepr AU~~iiTOtY

results for 32 plates. I*e quantity of powder oollected as the filter

and In the duct was measured separately. Par a complete ases balance,

the duct section Was "abhed sand the amount of powder loft there aoqirned.
If come powder wex. loft In the aerosol generator, that too had to be

* ~analysed. The total powder found wae then equated to -the weighe amount

introduced Into the aerosol geovratiag system. vhin microscope cover

slip. were placed at various locatious throughout the chamaber to perait

visual observation of the type of partiqle. or agglomerates which settle.

As constructed, the chamberts overall dimensions wer* a ceuproalse

designed ta fit apace require'ments xAm' to permit ease of manipulation.

3. Principle of Operation

The principle of operation is essentially identical to that of the

Oclen sedimentation balance (Odes 1916), which IA a batch device for measur-

Ing sediment as a function of Ume. The, laminar flow chamber Is t

continuous-flow device In which a.dlimmt is measured as a function of

chamber length. And while the chamber is a device for~ measuring distri-

bution, It does not strictly separate particles into si"e rang#, although

there ia a trend in that direction.

The laminar flow settling chamber, as designod, wsus limited to analy-

mem over the size range of 2 to W0 micros dIameter in most cases. For

smaller particles the settling velocities of the particles are so low

that the length of the chamber would be exceedingly long. A filter was

placed at the end of the settling plates to capture thoose particles whlcb

did not settle out. Poe partlcle. larger than 50 microns. It was imr-

possible to obtaia a reasonable nbysical spread of material on the plated

without "sInc #S ala v~locity suffilcestly great to produce turbulent

air flow througb ".he chamber.

for valid operation of tlo chamber, three basic conditions met be

fulfilled: (1) the aowciaol cload at the entrancio of the plate section

should be usittom " hawt analysI6 of a fe* plates will yield a reOee-

tativ* &ampl .4i the seasoW. (2) the avveeag borizoatal relocity also



has to be the Now 13 each '%bannel and this conditiam van achiarled by

asing many shallow chwainls of equal dtnensioms and restricting orifices

at the outlet of each channel; (3) there should be no vertical mixing of
the fulid. This last condition requires that the air flow be itweemline

or viscous. The low Reynolds No. of 86 assured laminar flow,

Thermal currents were considered to be of no consequence because

the,** would not exist unless there was about 1000R temperature dif-

fornuce between plates. Such temperature dif feroces would not have

been possible under the cunditioaas of use. This is shown by the follow-

ing analysis.

The temperature difference 6T needed to create, full convective cells
betwoen plates b distance &part can be calcuzlated. From Mckert and Drake

(1959) these convective calls do not occur until the Rayleigh number ex-
3

coeds a value of 10 ,I.e.

g6Th7b X Np, > 10

TV2

where,

gacceleration of gravity 1 0~ cmec2

T aabsoluate tosperature As5 X 10 210

V = Prlandlnmero i t satIc viscosity of air o, 1.5 X 1071 Cu12 /sec

Therefore fo~r coevective cellri to occur, AT must be in the order of 10002.

4. Calculation of Paricle Sia. Distribution

The Us of this method involves mossureneut of the overall cosc&-~jtration change in an aerosol as a function of distanc-e traveled aloft tbeo
notl ogplates. $Inc* the also distributiou obtalned with this device

to an intetcral site anaylysis differentiating must be msde to Obtain the
discrete asio distributton. ftat Ito the weight of sadisont at distance

X des b*plate. consiosod of (1) those particle.ý wbich -'al6 have that
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the particles began their trajectory at the very top of the shallow

channel, end (2) smaller particles which have also settled out because

they began their trajectory at some Intermediate position in the chan-

nel, and the; - ,%re had a shorter distance to fall.

The particle size distribution is obtained by plotting the cumula-

tive weight percent of settled material as ordinates and the corresponding

length of the plates as noscissas. This resulta in a curve of .e type

ihown in Fig. VXI-5. Am noted above, this curve gave the Integrated

weight percent of particles landing at a particular distaiwe along the

plate. Differwatiation of the curve can be done graphically by drawing

tangents to the curve at any point, and the intercept of the tangent on

the ordinant gives the discrete weight percentage. For example, in

Fig. 11-5, a cumulative weight of 62% was found up to the 40 cm dis-

tance on the plates. A tangent is drawn to the curve and it strikes the

ordinant ýt the 45% point. This value gavo the cumulative weight percent

of those particles which began their trajectory at the top of the channel

and settled out by the time the aerosol reached the 40 cm mark on the

plates. Thus by drawing tarj.nt; at various poinrts ou the curve, an

aerosol settling distribution is obtained, which was related to the set-

tling veloclty of the aerosolized particles by the simple proportion,

Ut Vh- x "

Ct U. Ut Is the teralnal veloc:ty of the dust particles, h is the vertical

height of the channel, V is the linear gas velocity through the channel,

and I the distance from the entrance. For a typical air velocity of

7.1 zu/sec-, and a height of 0.623 ca, the settling veloeity of particles

landing before the 40 cm distance would be 0.114 ca.sec.

The settling velocity can be converted to aerodynalkt diamete-r

utilIzing stokes law,

PA Af t diameter (CU) of equialent spberical
P g porticle.
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wheren

gas viscosity (poises)

U U nettling velocit, of particle (Cm/sec)

g a gravitational acceleration -981 c~e

P a par+icle dwusity (gmsfr. 3 ).

(If -,rbitrary, the valuo D is th~en an effective
particle size based on thli density)

For a spherical particle with a specific gravity of 1.0 tMa would cor-

respond to a 6.2p~ diameter particle. By plotting a ftumhei- of such pvints

it Is possible to arrive at a particle size distribution.

According to Dmnoghue (1956), the masz deterrinatiotns on the plates

should be made &L. distsnceý increasing by not more than 4 for very ac-

curate work, to abide by this rule ,wmld require some 14 deterninAtion4.

to bc done on the 183 ca length settling plate. This analysis seemed

*unnecessarily lon~g and the so-ill iaprovement In accurrcy hardlY ju!ýitfied

the time, Therefore, for the t-s''s reported herein, the detewuinati.ors

were madfi at distances tncreasing by P. factor of two for i~total --f lU) de--

terainationa.

S. !eproducibility of Results

The r-eproducibility of t.-e cha!"ber Is best Illustrated with mass

distrAbution curves fiom th,ý quinine powder expe'riaent.. Quini~ne was------...

selected becaase It couald bi, azalyroo readily by fluormw'lt-ri' technique.

The 1, -cedure f or quinine asses F:ý. t was a-s f oll1o~ws:

Ttw powder (0.1 gin) was weighed and disiemjr~ated. Air t1ow was maain-

talnod frnr fit* ainutas after powder inirxiuctio-i to t". chsAber h~ad

cogasod. Rach third plate, for a total of five pldtes; vasý a,,ovecad for

mrnalygis. Cottoa soaked in 0. " it H,,s) ".10 up In 2,4 Aac(propaiac' 2M

8-4water vol/vol was used to ripe the quliniim 9- the ;ýatva at iwa~k.'d

intervals 2, 5, 10, '10, 40, 60, "-, 120, 15>0, arvi 183 cvs,. Tho `iý e-r and

r o-tfic#of tte charnhwr were clo&-vad by a4.~akng ttva in Ute alcohol solsl-

tiom, aad the 4act section was 0'eand by f1mvshing the.A 1as44 Vi tb

3. litz-s of th, solution. The amount of powder remaining or tli turn-

tam.was subtr&-cted fr.m the total quantity weishedl for dissoa~iat On.
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and in overell Tuaeria1 balance was obt~ainee' by detersining tkw quA)2t1-

tiem i~f quian)o !7-, *olution. from each~ sectiot, using a flucroseter for

K Ianalysis, Mfa"'r ivalarbc~s between 80% aud 120% r-ere conaistently obtuined
and 90% t 14was ýoncidered eatisfactory

Figure "11-6 shc~ts some of the dupl~cate analysis ruins, Run #25

an-i Run 126 : (r hplicates, as were Run f35 and Run #40. These were

scr.e of the hetter duplicate runs, al..hough duplicates such as~ RU4' #38

ind #45 were more comen.i. This precision of the chamber is suffi.2ient

tx% distiniguish 4- 'ferenc"'s in aerosols resulting from a changf, in the

po-wder, or from4 a change in the dissemination conditions of a powder.

6. Tests of A-rosol Settling Raton

As -4isc-ugsed -earlier, one of the unique featurep- of the laminar flow

settling chamber wau 161,at it permitted a measurement of the effective

S'ettl~ng velhcitiea of. the suspended particles, If the density of the

airborne pa.-+icles is ':nio" then the theoretical set-tling pattern of

the particles car' be predicted, using the calculation given above. Thus,

tb', theoretical settliVig patterns shown in the various curves belou are

the maxiwiev size of particles which will fail at the distance indicnted.

Spnerical parti.cles were used for these tests because thay aerosolize

easily auid -the agglomerates are distinguishable fri~ the primary parti-

cles. 7he p-'Wders useu are L~eJbelow, and their particle size dia-~

tribution,, are shown in Sc*ýtiorL Uh, MA2'ERIALS,

a. Microthene, 1-0. deiý.iity of 0.9!4 gmt'cc.

1ý. Gl1ass beal., 1-304, density of 2.5 gm/vcc

z~. A1=_'nw, R-3, ynn" 31", d(!,nvty of 2.7 Weec.

n"3 ro~ll'd tqt,-ýý and powdkir ie~der shown irý Fig. V1-6 were used In

ol' -sts The. di- iThitirlxý con(,J .ons were: 0.4 gm powdcr dis.eeriiiated

at l3w(ý;r/air -aLtjo Of 9~053 Lgn powder/&m air; .131/rin air' flow tkarOugh

tbo 0,16 -n_ dd,ý 1,he and 7.1 o'~ velocity thirougb the gettling plates.

Thc~~~cpe over :-lips were fasto-ned to the duct sec-tions of the chamber

and at. -4,rterva.is of 2, 5, i0, 20, 40, $0, 120, anid 183 C-M. along the

Aegt f the settl ?.n plates, Cci~roscopic obser\vstlonEý _1 the nature
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of the dopotited powder were madec f t" tboe. cover *lips, Approximattly

150 particles on eact slide were w-sasured uping a ruled ocular micro-owter
of the Cawood type. The microscope was calibrated with a stage micrometer
and vo?ifiod by sizing 3.490. end 1.941.i polystyrene beads obtained frcam

Dow Chewical Ccmpany. However, to compare t.he measured size with the
theoretical size, the averaged diameter of the largest 10% of the par-
ticles *-4 eacb slide vas coin~~ted. For examsple, if 170 particles were
zaeaoured, then the averaged size of the largest 17 particles was calcu-

lAted and- plotted In the settling curves.

a. Microthene

Mhe theoretical and experimental settling curve for untreated

coincided, thus indicating that for Microthene particles the laminar
flow settling chamber was operating correctly.

A number count of the Microtlione particles on the slides was
also made, and by differentiating the counts along the length of the

plates, the percentage of particles on the plates was futrd, This numbercame out to be 50%. 'The particle size distr'ibution of the original powder[ Sinc: the air flow through the chamb~ir was adjusted to deposit 40ap size

particles on the settling plates, It appeared that many of the particles
[eandagoeae fe dissemination, and consequently did not reach

the settling plates. Figure VII-8 is a photomicrograph of agglomerated
Microthene particles on the wall of the duct part of the chamber. There-~

fore in another test, Hicrothene treated with 1 KQ 2340 to disperse the

Lagglomerates, was disseminated in the same manner as above. But suar-

prisingly, in this later test, fewe~r particles reached the settling plates.

Yet the particles on the walls and bottom of the duct w'err, all single

particles as showni in Fig. MU-9. Obviously some force, oZ sufficien~t

strength to negate the upward air flow of approximatel,- 7 cm/sec (0.15 mph),

caused the particles to be attracted to the walls of the) chamber. This

force was ýýttrlbuted to electrostrtic effects,

Ito
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FIG. VII-8 DEPOSITION OF UNTREATED MICROTHENE PARTICLES
ON DUCT SECTION OF LAMINAR FLOW SETTLING
CHAMBER

F.', V\I-9 DEPOSITION OF TREATED (WITI- 1 - PQ 2340)
MiCROTHENE PARTICLES ON DUCT SECTION
OF CHAMBER
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b. mleass seads,13~

Dissemlnation of glass beads of sizes 1-30,u was made under the

same conditions as Microthen. And like the bElcrothene, only a small

percentage reached the settling plates. Therefore it appears that the

glass beads were also influsiced by electrostatic forces.

c. Aluamini

Because of the metallic nature of aluminum, electrostatics

should be lss influential in its disamination than with the other

powders. The results of the tests are plotted in Fig. VII-0. There

is some scattering of points at the beginning of the settling plates

(up to about the 10 co mark), but this is to be expected since the

aerosol is progressing from a mild turbulent stage to a laminar one.

However, after the initios 10 cm, the results clearly showed that the

particles settled were larger than those predicted from theory. In

general, the size settled was 1.0 to 1.5o larger than the predicted size.

There is no obvious explanation for the di3crepacy. The air flow through

the chamber was accurate to 410%. For the experimental deposition curve

to match the thenretical, the density of the particles must be approxi-

mately 0.6 gm/cc. However, the bulk density of the aluminum was carefully

checked and was found to be 2.73 gm/cc. The density was also chocked by

immersing a sample of the powder in a 2.5 gjr/cc solution, and approximately

90% of the particles settled out". It is Ivssible that the 5% - 10% of the

light density alminum particles vould b the larger sized particles, and

this small percentage would be sufficient to shift the experimental curve

slightly off from •he thcoratical.

Z. Discussion

In this program emphasis was placed on the use of Lhe laminar flow

settling chamber, microscopic counting and photography of falling and

settled particlks. Although thi principle of operation of the Integrated

settling chambe" is not new, its use has been somewhat confined to liquid

sedimentation analysis. M eOn, Kuin o and Puantureri (1961) were among

the few to employ the technique for niensuring aerosol@. The theoretical
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particle settling Pattern, as determined with spberoidal aluMIin par-

ticles, ws close to but did not quite match, the experimental settling

pattern, Bice compreison between powder treatment is made on a rolatIve

basis, the disagreement betwten the theoretical and experlmental Is not

of great significance. These sethods served their purpose because the

scale of operation was small and it was possible to work with reasonably

representative samples of the entire aerosol population. With larger

scale aerosol generation, this would have been much more difficult.

The general subject of aerosol generation and assessment covers a

wide range of production rates from a few tenths of a gras to many kilo-

gr•ma per minute. It also includes closed chamber and field operations.

The methods described above can be used generally, providing precautions

are taken to assure representative sampling and to account for electro-

static effects.

Electrostatic charges may increase the coincidental settling effect.

Knutson (1965), in his study on aerosol reaggloweration, noted a larger

number of agglomerates tban that pr-.Ucted by thecry. He attributed

thiF incrcase to electrostatic charges on the settled particles. Owe Berg

and Brunetz (1962) performed experiments which indicated that electro-

statics may be the cause of the anomaly. They sprayed a mixture contain-

ing carmine, flowers of sulfur, and lycopodium onto a glass and aluminum

surface. On glass, electrostatic forces made particles settle preferen-

tially on already settl6d particles of the opposite polarity, forming

chain-like structures. With a conductive surface such as aluminum, *he

px-ticles lost their charges when they settled and hence the yellow

(flowers of sulfur) and red (carmine) particlet were all separated and

randomly distributed. The lact that particles a•quired strong charges

was evident from the testv made with Mtcrothene powder in the laminar

flow settling vhaahcr.

115



1ý1-~~~ -. ~ S-1 %-t 1

VITT DJ8IUIXAON RIMILTS 4

A. Geometry of Disseminating Devices

'There are strong shear forces adjacent to the walls of a tbe, and

when air-suspended agglomerates pass through the tube, these %hear stressei

are partially responsible for disintegrating the agglomerates latAo ina.i-

victual particles. The maguitL'de of thess forces is discussed In 8ecti. -! X,

aiA as indicated there, the *hear forces are just marginal for aL.4'omorste

breasup. It was also proposed that a better mode for breakup would be

found in wall impaction forces, ad calculations In support of this theory

are presented. In this section, the experimental results from. investiga-

tion of deagglomerating forces 're presented.

1. Effect of Tube Length

To investigate the effects of tube length on dissemination, a serif',

of tests wore conducted In which Microthenke was -disseminated through

straight capillary tubes of various lengths. it was reasoned that there

should be some optibawn length of tibe which would produce the inaxi=.jm

amount of deagglomeration. Tho tubes shown- In rig. V!-d, the six foot

vertical chamber in Fig. VI-10, and the powder feedez: disseminator in

Fig. VI-6 were used for these testa. The aerosols weir. assessed by covnt-

ing the number of particles engaged in agglomeration. Four inertes of tests

at four different air flows were made. Only the datg for the 20L/sin

series (it tees.s ire givo-n in Table VI11-1 since the, others ar# similar.

The results~ of all series, are gilvtn in Fig. il.

There !A an undesirable scatter of point's probably duo to the *a~seass

ment method; however, the results indicate that tube length~ is of some I*-

portance ar-1 un-dex the conditions used theo optimiao ong-th &ppoearttd to b#

a-bout 157-20 ca in lcasth. The curves do not show cliearly the .Iff.-t of

excessive t. be length on devagglomerattior, but they do 1indic-ate rather 3PW'

cifcaly i ~ tbes.4leQgt~h abo-rter thp~n 1.0 re are not efficien~t dis-

semI uators.
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MRWW COLAkiAY TMUIý OW VAP.MR±k LIMTh

Type of Aerosol Oiace- itParticles

Csizi11ary trst~ot In~ Tube* EUgd Lua

Tub* ga pmvftr/gs aii~ A~lorat ion

0. 19 cm 1.0D. 20. 0 A/au n# 0.0111 71.5%

2.5 ca length 3.4 psig4

0.19 ca1. D. 20. 0 A/vin 0.0116 57.5f

5 cm length 3.9 p*94

0.19 cm 1.0. j20.0) I/in 0.01,16 33.0%
10 cm length 6.3 paigI

0.19 cm 1.11. j20.0 I/miti 0. C, I I 33.0%,

15 C7 lemobt 9.3 pair

0.19 ch .D. 20. 0 1/.'-! 0.0116 35. 04

0.19 cm 11). 1.0 L4 0.0116410
+0 c AirLonthr~it 15.5 p#Ic

Prefs w hrvu t u~d bo.s.i ~pr ~ ~~ ~ ~ t41.0%AjAtji t:.
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C•¶io ci•T' on of tho particles against the wall of the tube occurs

-Aro-9"It turie, but thert is more impaction in a curved tube. To

t1-,-:• I zpactlon of particles on the walls of the tube, the dis-

i"iati.r, tt:1- was bent into coils. Theme colled tubes are shown In

S 7'. ¶... series of tests, using aspirin and quinine powders were

ti-c-t•-J to c.pare the effects of straight and coiled tubes on siro-

t. Aspirin

A-pjlr-'n tablets .ers crushed and screened to obtain 50-100 micron

gi-.iies. Thes granules ware rather firmly bound agglomerates. 3itce

tht pritmary puarticle '#i- ciuld not be measusied by any convenient means,

t~ho agglouerate sizes were measured, and this was done by "puffing" the

rw'wder down the 100 ca settling chamber and sixing the settled agglomerates.

To test the various straight and coiled tubes, the vertical six-

fuet chamber and the four-inch powder disseminator were used. Dissemina-

tion c'nditions are given in Table VIII-2 and the results plotted In

Fig. V1II-2. The particle size distribution from the "puffor" system is

also plotted in Fig. V111-2, but it should be reseob.red that there is

considerable difference in the onergies applied to the dissemination be-

tween the puffer and the aspiration system.

The results indicsted that there was ctmpratively little dif-

forente in the aspirin aerosols resulting fro the straight and aoiled

tubes. The "2-o'zolls," "4-coils" and "bugle" shaped tubes gave particle

size distribution curves which were within the experimontal precision of

the straight tube curve. Bo~ever micropoopic observation of pafticles

showed that there was a amall diftereuce. The aspirin particles from the

c*.l0ed tube*, Fig. V111-3, were more rounded and less angular than those

itor the straight tube, Fig. V'II-4. If there is any significance to this

citvattcn, it suggests a greater collision frequency in the coiled tubes

than tn the straight tube. Also included is the size distribution curve

ivntkli vsemuiatton at sonic velocity, and in this case there was a sig-

•1,4iucmt ch-nge in the particle sites.
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Table V111-2

ARKMQLIZATI(,N OF AS) XRZ
C kPI cr~LLARY VJWi f)F Dnx"TIMM, ~OM,**QMTOM

AorsolConcea- Wuaber Msdian Diameter
4,4ip~ trtni Tube from Particle Sj:,*

T Li),- g powdei-/gs air Distribution Curve

3J0 T,- length tilube II otimod ir~to tw 20 liter/min003 16. 1
3.%c- dia loops 13.6 vaig

f~rrrcn into four J20 liter/min0.10 .5

e", ptica1 1ýOopq 13.9 psigI

u AI tubes v.ere 0.18 cz internal diameter.
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FIG. VH-3 GRANULAR ASP� N b.SSEMINATED ThROUGH

COILED TUBE (0.16 cm DIAMETER)
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7%x nocoud sesries of testy to compare the effect of straight and

coiled tubes was* perfTorned some 4ln. mouths titer the first series. InI
the Interval a oev an4osuuent techttqtue. the Zaainar fl'm sottlin chiawber
wa4 tusotalled. for aerosol evaluationa. For this aeries, the 'Wait-coil"

tube, was used. 'rho coiled tube was patterned after the one amployed by

ftch be ad Seiim (lRO4) in their study a," pneumatic. atomization. The in-

ternal diameter of our coiled tuk4 "as 6.16 cm and the Pcoil foraied alt the

ead of the tube was 24,0 cm ta 31iameter. In all of the reaults that follow,

the 4coiled tube"' reterred to iný the text s~cfciyrefers to tlhis par-

ticular coiled tube.

Because quinine can be analyzed euaily 4y fluorrometric raans,

it was seetdfor use in titsse ctest. The quinine alkaltid, as receilved,

existed in theo iorm of agg~loeratos tc~ large to be used, it was. ground

in an Osterizer Blender inq the presc-nc'3 o? !% PQ 234G to reduce th±ý par-

ticle size. Some grinding occurred, burt many lsrge pajrticleýs still existed.

in Qn(s cAse it was desirab-lle to remove the* large partlolet, and ttii1i waa

accomplishled with a double-disc separator 6.,scribed ±i. ietc . I-e I
tine fraction from the separation. is deesignated as 'fine qutalne.

Quilnine -&as dissemioiated upward into z.7-: iaminn~r flow sett'ling

eh~imber and analyzad according to- the pzrcceaure given in SecliAof V1IPD-5,

?the diL;Ssemi nat ion =odttions are given -in Tuible VI111-3, -:dthe data piolktroýd

Aag *'V111-5 .Arc the~ Iatdgrit~tt ea-ass 'Ostribiitotin raiiuits, i. zrL~ -,!III

schws th-w difter-attated patcesize distributionýk curve; cbztinsed by

~irs~ng ange tso tnsw curves of- Ftg. VIII-5.tece cuni n

T~he rcsss, dlsctrtbujtiol uysdnn tiao thatt the celled tube

a mre fffectIve tissr3mi"nLtor than theý straigh~t tube. Gn o mprtv

te6t~i At- Huns II1 and 09 t;z. ttch the 2N 4

nne1thstýugrh tito s.ri~2t ad rcA ied tueNp-ttilac newriy sorO.C

velrlN~!V (2,9 )( 0 C) c/s6ee The j!Uvved tu_,bc e kerated a~r.g--ps ille

'0iubirc &nai icar than itýu.;" ; tduced Lxthe 3t rPaig-t turi Fur e-xample,

e ~ ~ ~ ~ P th f :&k nt ltes , R .n 09 .'u Jcc u atcit;
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had a• aerodynamic diameter smaller than 6.2t, while in Run 11, only

40% of the particles were smaller than tl.21*.

In another comparison, Run 05 and 08, the straight tube usedS2 c2
in Run 05 had a larger bore (0.0284 cn compared to 0.019 c ; con-

sequently In Run 05 it wa3 necessary to use a higher disseminatingI
pressure and a larger flow volume to produce the same air velocity as

used in Run 08. These manipulations also resulted in a lower powder/

air ratio. As 4 ndicated elsewhere in this report, a higher air pressure,

a larger air velocity, and a smaller powder/air ratio contributed to

better aerosolization. But dispite tho favorable dissemination condi-

tion- for the straight tube run, 05, the coiled tube run, 08, gave the

smaller uized aerosol.

The final comparison was made with the fine frae ion of quinine,

adssemlnated under similar conditions. The coiled aube runi, Run 12,

prokuced a much smaller aerosol than the strai•ht tube. At the 40 cm
mark, 72% of the part.,les had an aerodynamic diumeter smaller than

6.2ýi, whereas Run 14 gave only 63% smaller than 6.2,,.

Figure VIII-7 shows the actual particle size distributions for

the various tests plotted on log-probability paper. The distance on the

plates was translated into aerodynamic particle size, assuming a density

of 1.0 gm/cc,

Another serieso.f comparison tests clearly shawed that a coiled

tube was a wore effective aerosol d•seminrarnr than a itraight ti,"e. The

first series of teats with coiled tubcs hk%-Iig multtpipe tUrns fi.1ed bn

reveal any differences between straight and coiled tubes. However, the

first seriea was pecrformed on a diff,•rvnt ;o*dcr. with a different aess-

Wnr~t tech%. 4ue and with different t•!bes. it S%;SPt ted that t-e elder

aseasment n-hUtod waas -i:-i'ftcierlt1 y fly t civv to ,detect the it- e.•'e.Ices

h,-',.)' a -s t he , ;oSt tactcri'.. , tt ther'e I .t! f ,re !" the.

hit contrltoue tf. SIZo ýa'e ;.-' t *ý: i.: i;ý'

as ant it iy Ylj'- an96-1" ish--
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3. 1ho Lffct ofAir V*Iocily on Dissemination

The firwt eoItes of tests on the effect of air velocity was made wittr

: it','in powder ot-ng the six-foot vertical chamber. A straight tube,

0.19 c in diacoter x 20 cm long was used for all these runs. The condi-

LAoir: frr diý ;vminatlon and the results of the size analysis of the aerosols

••''riv n In Tuble VIII-4 and FIC& VI11-8. An expected, finer aerosols

wt•rc produced at higher air velocities. Some generalization between aero-

solization and air velocity were obtained by plotting the number-mean-

dI~eter vs. Reynolds number. This is shown in Fig. V111-9. and it is

L.4uýn that a linear relationship between the two exists. Thus for aspirin

pr••dur, the direction of change in size of aerosol produced can be predicted

from knowledge of the disseuin..ting velocity.

Angther series of tests was made with untreated Microthene using the

iamv dissomin..tion sut-up as above. Aesessment was performed by counting

the particles in agglomeration rather than by sizing. The results are

shown in Table VII-5 and Fig. V111-10. There is a linear decrease in

ugglomeration with increasing Reynolds number. The Microthene powder was

nearly completely disseminated (only 10% in agglomeration) at Reynolds

number of 26,000. Strong electrostatic effects with Microthene were not

observed in these experiments as they were in the laminar flow settling

chambeir (3ee section VII-D-6). This may have been due, in part, to the

larger cross section of the vertical section of the chamber.

To explore further the effect of air velocity, a third series of

tcst. was made, using the identical dissemination set-up except in this

cao Microthene treated with 1% PQ 2340 was the experimental powder. The

restill, Fig. VIII-11, showed a substantial change in the agglomeration

tunudncy of Microthene. At Reynolds number of 4000, nearly all the Micro-

thcave was deaggIom-erate.~l. (approximately 5% in aggloneration) and although

1ncrc-i-, In uIr •'olocity provided additional deagglomeratlon, the ensuing

•-a-o were sHmnll. Thus, for treated Microtheae the effect of air veloc-

• cr• ic•m , mprtant than for the untreated powder. The effect of additive

S.i is discussed further in Section V1:1-B, but It Is ob-

V' L t • j 0"dificatiun can substantislly •mprove the ease of powder

S ntea !i the case of Microthene.
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FIG. VII[-9 COFRRELAT!ON BETWEEN NUMBER MEAN DIAMETER AND REYNOLDS NUMBER
FOR ASPIRIN POWDER DISSEMINATED AT VARIOUS AIR VELOCITY
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Table VIII-5

DISSEMINATION OF MICROTHIENE THROUGH A STRAIGHT
CAPILLARY TUBE AT VARIOUS AIR FLOWS

Type of Aerosol Concen- % Particles!DisseminationlPrtce Reynolds
Capillary Conditions tration in Tube Engaged in Number

Tube gm Powder/gm Air Agglomeration

Straight Tube

0.19 cm dia 6.0 A/min 0.0142 43.4% 4,70
20 cm length 1.2 psi

0.19 cm dta 13.7 A/mi 0.0067 40.0% 10,800
20 cm length 5.0 pzi

0.19 cm dia 20.0 A/min 0.0132 32.A4 15,700
20 cm length 8.1 psi

0.19 cm dia 25.0 Vimin
0.0248 19.3% 19,700

20 cm length 13.0 psi

0.19 cm dia 30.0 I/min 0,0207 16.2% 23,600
20 cm length 16.0 psi
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4. Effect of Powder/Air Ratio Used in Dissemination

The first series of tests on the effect of powder/air ratio was made

with Microthene in the six-foot vertical chamber. A straight tube,

0.19 cm in diameter x 20 cm length was used. The powder/air ratio was

varied from 0.166 gm powder/gm air to 0.00128 gm powder/gm air. The data

are given in Table VIII-6 and plotted in Fig. VIII-i2. The lowest number

of Hicrothene particles engaged in agglomeration was obtained with the

smallest powder/air ratio. At 0.00128 gm powder/gn air, only 15% of the

particles were agglomerated. There is a steady increasp in agglomeration

with increasing powder/air ratio in the interval from 0.001 to 0.01 gm

powder/gm air. At greater ratios the fraction a.glomerated remained

steady, and there was iittle increase in Microthene aglomeration in the

range 0.01 to 0.1 gn powder/gm air.

Tests were also made with quinine powder on the effect of powder/air

ratio, The powder was disseminated through the single-coil tube andIassesscd ;wth the laminar flow settling chamber. The differentiated mass

distribution curves shown in Fie. VIII-13 for Run 18 and Run 20 revaaled

I Table VIII-6

DISSEMINATION OF MICROTHENE THROUGH CAPILLARY •VBES
AT VARIOUS AEROSOL CONCENTRATIONS

"I Aerosol Concen- -va Partice
Type a•f Disseminat io'l Reynold,

Capillary, tratlon in Tube Engaged in Neo
Tubc. gm Powaer/gm Air Agglomeration

0 #19 cm dis 30 .0 1/m in 0 0 1 81 .%2 , 0
20 cm length 16.5 psi

i cm'dia 150 /i a-9.%

002 8. 1,80.0.,0,.; 1 b.;Th 0.4 PSI

0.19 cm d/min 0.0106 47.5% 11,800
20 cm length 5.4 psi

0.19 im dia 7.3 Ilmin 0.16 5 4 .8
20*cm length 1.7 psi 5
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an obvious advantage to lower powder/air ratios. At a ratio of 0.001 g&

powder/gm wir, Run 18, the aerosol contained 04% of the particles having

aerodynamic diameters equal to or less &nan L p, whereas with a ratio of

0.0217 b- powder/gm air, only 74% of the particles were equal to or less

than 104. The dati again indirates that small powder/air ratios favor

more complete dissemination. The obvious conclusion is that reagglomera-

tton of the aerosolized particles is a significant process, and must be

given serious consideration in the design of an)- dissemination tests.

Further discussion of the mechanics of the reagglomeration process is

given in Section X-D.

B. Effect of Powdar Modification on Aerosolization

There were several objectives for the study of powder modification,

such as flowability, bulk density, storage, etc., but the primary objec-

tive was to Improve the aerosolizability of a powder.

1. Effect of Additives

It is common practice in industry to use mnilimicron-size particles

to modify the physical and chemacal properties of bulk powders. .These

particles have oeen defined by various investigators as free-flow agents,

powder-conditioning agents, additives, anti-caking agants, fluidtzinj

agents, etc. To avoid confusion, tha various agents are all categorized

as additives throughout this report.

For some powders, the effect Df ad'" -.- 4 "-amatic, not only in

die flow properttes ol the powders, but also In tneir aerosolizabilitles.

?±.--' Y!!!-14, VIII-15 and VI-I-16 of uutzeated and treated Microthene,

Paccharin and feldspai respectively show qualitatively how additives can

affect serosolizabilities. T7he powters were disvetinated by the 'puffer"t

and allowed to settle in the 100 cm chamber.

More quantitative data on the effect of additives are given t'-low.

Samples of saccharin trerted with 1. rbteretl additive and with 14

PQ 2340 w ere disseminated with the "poffer" in the 100 cm settling chanb&or.

8Smples were collected on microscope slides dur~tn tho intervals

140 -
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FIG. VItI-14o UNTREATED MICROTHENE DISSEMINATL. BY GENTLE PUFF
OF AIR. AND ALLOWED TO SETTLE ONTO SLIDES

ýw v

4.

FiG. V111- 14, MICRO iOHENE. TREATED WITH 51 0ODDIOVE,
ANIiD DIS5EANATFD AS ABOVE
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FIG, Vlfn->% uti iREATED SACCHARIN, DISSEMINATED
i N THE "PUFFER" SYSTEM
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FIG. VlIH-16o UNTREATED FELDSPAR, DISSEMINATED
IN "PUFFER" SYSTEM

FIG. VIIi-16b FELDSPAR TREATED WITH iSPQ 2340,
DISSEMINATED AS ABOVE
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* 12-00 second#, 80-300 Feconds, sud 300-600 seconds from. the time of dis-

seuin*&tion. The ntaaber of particles and iagglomwerstom par square e'~lliimeter

on the slide# was then counted.

The date in Table V111-7 4,how that saccbarlo treated witL Esterail

and with PQ 2340 produc~ed 763 and 10W) particlem per tmm respectively,
2

while. the untreated particlen Yielded o417 253 partl1.l1es per mm . For

the aa~ae velght of powder diareminxced the larger nuvber of particles

per square mdIllieater obtained .-itb the treated powder was taken to be

indicative of I tter diss~ainatio-3 t-hatt the z=1livr r~mbc;- ýbtf neid with

untreated powder. Thui the da~ta Idicate a three and fourfold !ncrsaso

in the number of paerticles aerosol Ared at low erergy.

Table V".

DXSS WMATION OF SACCflARIN14 A2 AM)J "T7MEATED AT LWI E1"RGY

Sld ITotal 'Number
Saliedec Numnber :)f 2Particles/rn 2

Fi o'e& Particles/rn2  for Time

175 Untreateva sac:tht..,ir 60 102K_1-80ec
176 ljntreat tea ipc1Aein GO-3wo 102 j 253

17Untre--.ee: jý--hirjn I M0-60 49

179 Sacckharit. %,1. F-p s trLil 12-80 249 1 73

180 Saccharinx w. 1% Ert"Ibifl 80--,"'D. 41376

181 Saccharin w. 1.1 Es' -11r I l 300 -60( 101

184 Saccharin w. 1* PQ 2340 12-80 358

185 Saccharin w, 1% PQ 2340 1 60-300 402 I050

18i6 1Saccharin w. 1f PQ 2340 300- WO-90

The method of rating the powder by coun~tIng the number of settlpd

particles did not properly weight large agglomeratez that; settled firrt

and bad a large mass compared to individual particles. In anothe~r series

of tests similar to cO-e &bove, powders were used *W~ch -zould be analyzed

they were re-adily available and because thery could b-9 detected In small

quarttitios by fluorometric analysis.
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Th s)n f t)he =t-Ive ~ trary, !lthough tbxi uamap

aelected had been effective in reducing the agglomeration of other powdors.

Rhodasine 8 was tested with 5% of CL--O-Sil and with 5% PQ 2340 to cNmpare

a hydrephilic &dditive with a hydrophobic one (P 2340). utinine was

tretted rith 5% Organ-0-SiI. Dissemination of the powders was performed

as above, Settled particles on the microz•cpe clides were dissolved and

the mass determined with a fluoriteter. The results are tabulated in

Table VII!-8.

Table VIIi-8

DI•SMEMNATION OF RHODAMINE AFD QUININE AT LOW EMIROT

Sampling Weight of Dye Weight Percent of Weight Percent

Powder Time DeposDye Deposited Deposited In

Seconds on Slide Tde posited iTme lixterval
Seconds (microgram/cm2  Slide, Normlized 12-t ecs

Rhodamine 0-12 15.5 49%, 31%
rUntreated 12- 6 6.S 224

60-300 7.2 23%
300-600 1.9 6%

Rhodamine 0-12 7.2 154 854

& % 12-60 15.0 30%M~b-O-S3il &1--300 22.7 1o-5%
300-600 4.3 C-4

Rhodftmine 0- V• 12.3 10% 60%
& 5% 12-60 37,5 29f

PQ 2340 60-300 67.0 52%

1300-600 11.2

Quinine 0-12 88.2 70% 30%
Untreated 12-60 26.7 21%

60-300 8.0 7%
310-600 2.7 2%

Quinine 0-12 20.6 30% 70%
& 5% 12-W0 40.0 8

Organ-O-Si1 60-300 5.9 9%

Tho quant*ty of powder found in the time intervals 0-12, 12-60,

60-300 and 300-800 sees aie tabulated in enlumns three Lnd four. Column

four gives tnze mass analysis, normalized, It ii seý tlat inr tho
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untreated powders, 50% of the rhodamine B and 30% of the quinine remained

airborne after the first 12 seconds. For the treated powders, 85~-90% o~f
the rhodamine and 70'% of the quinine were airborne after 12 seconds, thus

indicating that the additives were effective in causing more particles
to remain ~Airboi~a. ý..or it longer period of time.

In Sect- n V-D, measurement of the bulk properties of powders such

as angle of repose, adhesion and viscosimetry indicated tOat there was an

optimum amount of additive (approximately 1%) which produced a desired

effect. Therefore, it was not unreasonable to hope that a similar rela-

tionshir could be found between the %mount of additive RPnd the aerosoliz-

ability.

To explore the above possibility, Vicrothene containing 0.0%, 0.1%,

0.4%, 0.7%, 1.0%, 1.5% and 3.0% PQ 2340 was disseminated using the puffer

system. The particles and agglomerates were allowed to fall onto glass

slides, and the slides assessed by counting the number of particles in

agglomerates. These curves are shown in Fig. VIII-17. The curves fell

into the distinct groups representing: 1) highly agglomerated powder,

-- -I

* occurring wit~h untreated powder, 2) medium agglomerated powder, occupied

by the 0.1% and 3.0% additive powders, and 3) the less agglomerated powder,

aoccupied bty the 1i.%, 1.5%, 0.4% and 0.7% powders. The data showed that

small and large amounts of additive (0.1% and 3.0%) provided some reduc-

tion in the agglomeration of untreated e icrothene Bit the greatest re-

duction occurred with amounts near the 1% level. For example, if a line

is drawn across the curve at the 10-particle size agglomerates, and if the

total number of particles engaged in agglomerates of 10 or less particles

is plotted against the percent additive, a curve peaking at 1.0% additive

is obtained as in Fig. V111-18. A different curve could have been obtained

by drawing a line at the 30-particle or 70-particle agglomerates level in

Fig. 1iIT-17, but in general, the curves indicate that Microthene contain-

ing approximately 1% PQ 2340 was the least agglomerated mixture when dis-

seminated at low energy. This was approximately the same concentration

of additive that produced the smallest angle of repose as described in

Sectioi' V'-D.
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To explore the ef 1 ct of higher aiscominatioa energy on the do-

agglomeration of additives, Microthene containing 0.0%, O.i%, 0.5%, I.-o,

3.0%, 5.0% and 7.0% PQ 23,10 was disseminated at an air velocity of

11,700 cm/sec through a 0.19 cm diameter, 20 cm long brass tube into the

six-foot vertical settling box.

Slides were laid on Cie bottom of the chamber to collect the particles

and agglomerates. From these slides, the number of particles engaged in

agglomeration were counted and the results plotted in Fig. VIII-19. It

can be seen that the optimum concentration of additive lies around 0.5%-

1.0%. This is almost the same concentration of additive that produced

the least agglomerated powders when dissexine'ted with the low energy

puffer system. It Is likely that the higher energy used for dissomina-

tion in these later tests obscured the agglomeration tendency of the mix-

tures containing 5%-7% additive by completely deaggloaerating them.

It had been suggested that small turbulent air cells would assist

in breaking up small agglomerates in the dissemination tube, and a pos-

sible method of generating small turbulent cells was to disseminate large

heavy partiaes in an air stream along with the powder.

Mixtures of Microthene containing 10%, 30%, 50% and 954 by weight

tungsten spheres (60 micron NO; density 19.3 gm/cc) were disseminated

upward -hrough a 0.19 diameter tube at 20 liter/min. The percentage af

particles engag3d In agglomeration was determinc4 by counting the number

of Microthene particles attached to each other. Figure VIII-20 shows the

results of this study. The percentage of agglomeration varied only slightly

with the amount of tungsten added, from 32$ to 43%. Untreated Microthene

had 35% to 45% of the particles engaged in agglomeration under identical

flow rates; therefore, the effect of the tungsten on the deagglomeration

of Microthene was minimal.

The i0% tungaten-90o% Microthene Lixture was also disse*Anated at

varic-9 air flows, 10 liter/min, 20 liter/min, and 0 4•i'er/&in. .- -

sulti shown in Fig. VIII-21 were not sufficiently oouclusive to proceed

further with this approach. .
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2. COoArison of Additives

The aerosolizability of saccharin waa tested with throe additives to

Obtain sowe comparlson betwe~i the effects of differeet additves, The

additives are all m~liimcron size silicei particles, said they haes dif-

ferent physical and surfaice pr~,ertivis. The additive, PQ 2340 was tftosen

because It 7as the Most negative of the silica additive* tested, as deter-

mined by electrostatic *ests In Section IX, and Organ-O-8il was selected

because It was the most positive. Cab--O-Sil was tested because it io

hydi..jhtillic, in contrast to the other two which are hydrophobic, and be-

cause It has been employed extensively by other investigators. All the

treated powders contained 1% additive.

The saccharin mixtures frere d 4osexinated with the puffer aysteu In

the 100 cm chamber. During the assessment, It was found that the physical

shape of saccharin mede it difficult to distinguish a multiiTarticle ag-

glomerate from a large primary particle. Q~nsequently, for these tests,

no distinction was made between iv~ -..glomerste and a single particle, and

all agglomerates were counted an single particles. Since equal weights

of the powders were disseminasted, the greater the number of particles

found on tbe depositlion slide, the bettor the aerosol.

The results are tabulated in Tlable VTII-9 below. In terms of the

nmnber of particles counted, all the powder with additive gave a better

aerosol I abil ity thkan powde without. The improvement In serosolizablitty

was obvious f rom aerely obaorving the particle-aggloserates. Figures V'111-22,

VIIX-23, VIII-34, and VIII-25, are pbotomict'ogrsphas of the untreated, Ca:)i-

O-Si1 treated, Org-sz-O-011 Table VXII-9

trotated and PQ 1340 treated O1WW flATA ?0M SACCSAAAN TIMATES)
W11% SXVLAAL SILICA AJMlITVU

particle.. ?taum tbe*o plztures. ___ ______

the PQ 2W6. troated ;owdar slid 20 CchrhOuvts

yielded the largest number of rtet stci/'m
2140 As roeo v-A 112

part icles/on and consequentl y,

the llost ise particles.14 1%C,-8z13

Theos reevit#absowed the types16 %Oa-8i10
10 11% ft 2340 11

of additivves shichti most.- ______
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b-anefic'.&1 with sace&,rin. It does not follow that the best additive

for vaccharin would ba5 the best for some other material.

3. Effect of T airticle Size and Shape

Theory dictates that the stress required to separate fine rarticles

is greater than that required to senarate coqrse onps. A few simple ex-

periments were designed to verify the theory. Thti• was done by Qelecting

particles of nar-ov size ranges and subjecting them to d!ssemination under

identical conditions and then vbserving the relative aerosolization of

each size. This was acconm@lished with 2pherical glass beads which had

been classified into five size ranges, greater tian 18p., 12-12i, l 2 -9j,,

9-5i, and less than 5i. The double-disc air claisifier described tn

Section V was used for classifying the bzads.

At large disnemination energy. all the beads, including the smallest

fraction, were nearly 1OO4 aerosolized, To observe the agglomeration

tendeney it was necessary to use low eniergy for dis-eminnation. Thus the

beads were disseminated using the "puffer" system and the 1f,0 cm settling

chamber. The extent of agglomeration for the ri6 fractions of beads are

given in Table VIII-10 below. The data indicated an increase in r iomera-

tion with decreasing particle size. In this assessment techniqwe, each

agglomerate Irrespective of number of beads attached, was counted as onr'

agglomerate, but identification of agglomerates by humber without a de-

scription of ggsloneratse _ze does not reveal the full extent of agglomera-

tion. For example, the agglomerates in fractions •reater than 1U and

18-124 consisted mainly of two
Table VIlI-l0 aahering particles, whereas ag-

DEGREE OF AGGLOMERATION glomerates in fractions less than
OF FIVE FRACT.IONS OF GLASS BEADS

5i ana --•L weru made uj. of three-

Sample of Glass Beads ' Agglomerates or f 4 ve or even 20 particles.

Fraction "I,'" >18. 5 Consequently, the weight frac-

Fraction "H," 8-2I I tion of agglomerates in the

I rsmaller particle sizes was ac-1'ract! on 'F," 12-9 221

Fraction D), 9-,5" 23% tually greater than that tabn-

lated. Nevertheleqs. the

Frct o B-- '- 54

* .7
'0 %- •



results showed that particle sizes, even In a very narrow size range c•t

5• to 184, played an imporlant part in its afglomeration troweneycy.

To explore the effect of particle shape, a comoarlson between ir-

regularly shaped quartz powder and glass beads war made. The quartz
1.

powder was classif"ed into the same Stokes class sizes using the same

machine setting as was used for glass beads. The same weights of quartz

powder and glass beads were disseminated under identical conditions. The

resulto in Table VIII-11 showed that quartz powder produced fewer agglo-

srates (approx. 10%) than the glass beads (approx. 44). For Identical

weights, the quartz powder yielded 847 particles/mm to the bead's
2

81 partlide6/mm , a factor of more than ten. If the corresponding size

Sfractions of quartz and beads contained equivalent numbers of particles,

then the data indicated that the quartz powd'ar is the more easily aero-

solizable powder. The two materials have the same specific density, thus

the difference in aerosolizability may be attributed to the particle shape,

Table VIII-11

DISSE)GATION OF QUARTZ POWDER M.D GLASS REAS
TU) WO•ARE THE EFFECT OF PARTICLE SHAPE ON AMRSOLIZABILITY

Sample No. of Par icles Agglomerates Agglomerate

per mm per mm"

Que~rtz

9-5t dia. 341 46 13%

Quartz
12-8a, dia. 266 34 11

Quartz

18-124 dia. j 240 12 5%

1Total 847 Total 92 .... 10%

Glass Beads I I
9-54 din. 35 19 54%

Glass Beads
12-8i dla. 30 9 23%

Glass Beads
18-12p dis. 16 6 27%

Total 81 Total 34 Averagied 4219
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assuming that their Intrinsic properties are identical. These results

are to bt expected If it to aesumed that there wre fewer points of con-

tact in the bulk powder between irregular shaped particles than there are

for irbei.ical particles.

4. Effect of Chemial andPhysical Mdifications

This section reveals the effect on aerosolization of chemical and

physical treatment of quinine. In some instances the chemical treatment

lb merely the lnr'orpc~A1iOU Of au aidditive, Lut when thiz occurs simul-

taneously with a change in the physical state of the powder, i.e. change

in particle size, then it is difficult to determine which of the two

changes is responsible for the differences in aerosolization. In most

cases, the two are intertwined such that both treatments are partially

* responsible.

All the tests in this section were made with the laminar flew settling

chamber. Modified and unnodified quinaine was the test powder, and the

single-coil tube was used for dIssemination.

In one of the first chemical and physical treatments, quinine with

* 1% PQ 2340 added was blended in an Osterizer Blender for six minutes.

Some grinding of thA particles should have but at the aiame time,

tb- b'eat generated by the grinding could have caused some fusion of the

particles. An estimate ol the particle size distribation of this treated

powder 1. given in Fig. IV-4. The size diattribution was obtained by

microsecpic sizing after firpt dispersing the powder in oil, and working

the dispersion with a wooden stick. The number mean diameter -was 1.8 mi--

crous. In comparison the "as received" powder, dispersod and sized by

the same procedure, gave a nind of 1.6ýi, Fig. IV-2, However, it should

be mentioned that the particle size of quinine is sensitive tc the az,,ount

of dispersion perforsned on the microscope slide.

A comparison of the mass distribution curves between the untreated

quinine and the PQ 2340 treated powder is shown in Fig. 11111-26. Since

the untreated powder gave a lower mass distribution curve, it was concludc-i

that the treatment of blending PQ 2340 with quinine was detrimental to the
acrosolabit othpowder. Mae" aralysis showed that 7A4~ of the

6: ailt of the__
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0 Run No. DU- As rezeived qinine .. ..

"fa g 0 ......... Run No.20- Osturized ,ith 1% F•234OS..•,. w m Run No.I1Z- Fine fraction of pooder used in 4-un No. 2'j

* R, R *o .-1S- Coarse fraction of ooudsr used in Run No. 20

0 IC) 20 50 40 50 9l 70 80 . K)O 10 "0 120 0 : " ,-............

Settling Plates, cm

FIG. VliI-26 MASS DISTRIBUTION CURVES OF QUiNiNE DISSEMINATED INTO LAMINAR FLOW SETTLING
CHAMBER TO COMPARE THE EFFECTS OF CHEMICAL AND PHYSICAL MODIFICATION
OF THE POWDER
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untreated powder aerosolized to particles loss than 10p aerodyramic diam-

eter, whereas with the osterized powder, only 65% were equal to or less

than 10p diameters.

On the same figure are mass distribution curves from a fine and

coarse fraction which had beeoon vparated from the 1% PQ 2340 treated pow-

der using the double-dlsc separator. Surprisingly, both the coarse and

fine fractions gave similar distribution curves, and both carves matched

that obtained from the unfractionated PQ 2340 treted powder.

The physical sizes of the fine and coarse fractions were vastly dif-

ferent as shown below. To explain the phenomenon, either the agglomerates

from both materials break down to the same ultimate particle sizes, or

the oize of the settled agglomerate is controlled by a reagglomeration

mechanism.

Figure VIII-27 and VIII-28 are photomicrographs of the fine and coarse

fractions, respectively, dispe,-sed in oil. The fine fractions showed well

dispersed rectangular particles, but it would not be unexpected nor diffi-

cult for the large agglomerate of the coarse fraction to break down Into

similar sized particles in the dissemination process. The fine fraction

dispersed easily in oil and size analysis of the material gave a nmd of
5 . 7p. However a measure of the ned of the coarse fraction was not feasible

because the orimarv particle OPP* - '-- -- a.--- - f

voted to dispersing the agglomerates.

To observe the compositions of the aggloL:erates formed by the fine

and the coarse fracti.as, the powders were disseminated (under conditions

comparable to Runs 12 and 15) upward into a vertical chamber and allowed

to settle on slides to avoid the classification of sizes that occurs in

the horizontal chamber. PhotomicrographA were made of the settled agglom-

erates, Fig. VITI-29a and Fig. VIlT-30a, of the fine and coarse fractions

respectivejy. Figures V*l-29i, and VIII-30b are the same settled particles

but dispersed I.P oil. The rimd of tte dispersed fine particles was 2.1"

as compared with 5. 7 1 in the noulsseminated material. This decr-ase in

particle size strongly suggvsts that grindung of quinine occurred in tho

coiled tube, even with particles as small as the fine fract'on.
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FIG. VIII-27 FINE FRACTION OF QUININE WHICH HAD
BEEN TREATED WITH 1%'PQ 2340
Nondisseminated; dispersed with oil

FIG. VIII-28 COARSE FRACTION OF QUININE WHICH HAD
BEEN TREATED WITH 1% PO 2340
S Nondi s seri6noted; dispofsed in oil
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FIG. Vll!-29a AGGLOMERATES OF QUININE FIG. Vill-30o AGGLOMERATES OF QUININE
FROM FINE FRACTION AFTER FROM COARSE FRACTION AFTER
DISSEMINATION THROUGH DISSEMINATION THROUGH
COILED TUBE *COILED TUBE

FIG. VII,-29b AGGLOMERATES OF QUININE FIG. VIII-30b AGGLOMERATES OF QUININE
(FROM FIG. VIII-29o) DISPERSED (FROM FIG. Vill-3Do) DISPERSED
IN OIL IN OIL
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In contrast to the effect of blending quinine with PQ 2340, wihich

was detrimental to the aerosolization process, *nether choeical-physieal

treatment soreod to improve the aerosollzability of quinine. In this

treatment, quinine was ground in a ball-mill for eight hours using petro-

leum ether an the suspending modium. On, i•aple contained only petroleum

ether in th. medium, but in an accompanying sample, i% hexamethyldisilizane

and 4% Cab-O-8il was added to the petroleum ether. The two materials were

added because they wero found by Rauner et al. (1966) to be effective In

Improving the aerosolizabllity of some organic sima'ants.

The dissealnation results of the two ground quinine powders are shown

in Fig. VIII-31. Both powdera produced small agglomerates on the settled

plates. There was little difference between the two prodicts which sug-

gested that the hexamethyldisilizane and Cab-O-Bil had no effects. How-

ever, the ball milling in petroleum ether was Leneficial as both powders

aerosolized better than the "as received" powder (Run 30), and considerably

better than the PQ 2340 blendd powder (Run 20).

A third treatment invo)ved the use of n-butyl amine. Its use was

suggested from the favorable results obtatned by Nash et al. (1963) when

they used it to reduce the agglomeration tendency of C~rbo-Wax powders.

Since the quiuine is soluble In the a&ine, che treatment was limited to

exposing the quinine to the amine vaporA for appr-xIxately eight hours.

The result of the amine treated 2ovder is also shown in Fig. VIII-31,

and the data show that the treatment wti not beneficial. The "s dis-

tribution curve showed it to be more terosolizable than the P1N 2340 blended

sample, but less than the "as received' or the bell-ailled tsaples.

To Illustrate the structures and sizes of agglomerates v•alch land at

the various spots on the settliung plate., photoeicrograph3 were ta-Vem at

di'taces of 4 cm, 40 ca, W0 cm and 183 cm along the eattling plate for

Run ;7, the ball-silli treated povi*r. The photscgrapJs are Qhown "n

Pigs. YllI-22a, b. c, and d, respectively.

A diatinctive featu.e of all cumino ogglomrates is their loose

structure and chain-like foot nec*'iaartly t.ral.ght) app#arsmce. ?be

optical .1a*otor of the pafticles an any cection of the plate a.s
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FIG. VilI-32 AGGLOMERATES OF QUININE AS SETTLED ON THE PLATES
AT THE DiSTANCES INDICATED
A- Plate -engll 2 cm, larges aerodynamic diameter calculated 2 8 1L, based on

denitof -. gm -cc
B Piate lerigili 40 cm, largest aerodynamic- diameter cclculated 6.21t,

vedon density of 1.0 gm/' cc
C Pirite Iigh 80 cm, larges~t ocrodynam~c diameter calculated 4.4p,

based on den-,ty of 1.0 gm/'cc
1) Plate length 183 cm, largest aerodynamic diameter calculated 2.9p,,

base(] or, den ,ity of 1.0 9m. cc
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coZitsurably larger than that which would have existed for a spherical

Oartlee of density 1.0 gm/cc settling at the same position. The ap-

arent dentlty of the agglomerates Is, therefore, lets than 1.0 ga/ec.

A few measurements of the optical diameters of the agglomerates

were mD•, and from this the apparent densities of the agglomerates were

fouind to be approximately 0.15 gm/cc. Thus, it seems that successful

-Jis1cminstion is obtained not only by decreasing the particle aize, but

also by signIficantly decreasing the agglomerate density.

8-cause of the difference in densities, an agglomerate of density

0.15 gm/cc rust increase its mass 2.5 times to maintain the same settling

vnlocity as a single particle of density 1.0 gm/cc. Since settling velor.-

tty is proportional to density times the square of the diameter, the ratio

of the mass of an agglomerate of diameter D and density p,, that has the

same settling rate as a single particle of diameter D2 and density p2' to

LaP mass of the latter is equal to the ratio

The Implication of the above results is that the size of the primary

particle subjected to dissemination may not be of the same significance

as originally believede Particles larger than 10 microns will settle

-;lowly if they can be made to exist in sufficiently low density agglom-

crates. Control, not elimination, of agglomeration may be the most desir-

able approach to dissemination of powders into particles of suitable

aerodynamic properties.

C. Discussion

For poyders disseminated in a capillary tube, there seem to be an

optin•um length for the best separation of particles. Shorter lengths are

not as effective a• the optimum and little or no benefit results from use

oi longer tibes.

The length of the tube for optimum deagglomeration can be approximated

trox a calculation of the stopping distances of aerosols moving in still

air. The dlstunce required to accelerate a particle from rest to the same

VVI'loci:y as the moving air is the same distance that the particle would

•nve if ejected at that velocity into a still atmosphore and allowed to
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cooe to a stop by frictlon fro Air. Thix stop~isg dtst~we Nd? way be

calecalated by SoM Vpd /Ma w-hert V is the lriltAsl volicit? of the p~r- 5

t~cle )"'Olative to air) d in the diamter *f a pai'ticlo a density p, and 4

Is the viscarity of ctir. As an inaxplo, a 10op particle of densaity 1,0 Wucc

will reqtdre appr-miwately 10 cit of tut* 1,itgth to be ~aecelerated1 to 3 x 10~

%'no..rly tbo a peed oT 77~d hit value Is in good agreeow~nt with

the 10-15 ca length found in Seotion V11I1'A for the optiam tube length

for inax1lmm deaggliomeration, When the particle htas attained thoa sam~e voloc-

ity as that of air, the impact anid ahear farces arivlrtg from differential

flow between particle and air have reothed a mini~m, but- tiae impact forces

resiA ting f ". ttlrbulent cczllfison vith tho wall will hlave reachseI a Maxi-I ~ mum, As shov.n in Saction X. the impact forree will be of several ordpro
of gagnltude greater than the shear forcez. Theretore, the maxim~um do~-I aggomeratioyi will occur when the tube leý,qtha are sufficiently long to
pars!-, the particles V'o rcach the vr~lority ~fthe air, ana 'hus provide

for raimum overall impact lorcei,

Tt is of Interest to zwte tha-t Orr et al, (1957), in their investigs-

tion with capillary Lubes, found ~'that increasing tutbe l~enth at constant

Reyn4,Ads number and (tube) diameter increases *he deagglomeratloa" of

8.7;A Serratia marcescons powder, However, they only experimented with

tuibe lengths between 1.7 cm and '7.6 cm.

$ 'Me separation of particles (in the l-loi. range) 7ran be acc;ýnpllshed

t~stu b- taking advanitage of the stresses imposed by strong impact. The

superlority of imnpact forces for breakup it agglomerates has been cited

in other atudiea, notably those of Aeropro~jects (9),Fuchn arid Selin

0.1964.) and Fitz et al. (1955), In this respect a curved tube dissemin.ýitor,

which ýccentdates the atrevgth of Im~pact forces, is superior to a straight

tube ore,

The tacrease in aerosoflzation with increase in air velocity has been

ob~lervcd in o'ther studlea utiAlzing capillary tubes for disseminetion.

Orr --t al, flii7)1 stated that the uas-mean-diameter of the -.trosolized

patIce decreases with i.Acreasing Reynolds number. F'uchia & Selin (1964),

wo3da lli.ietr relationship betweeni partiv-le d~uiaeter and dissemination
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Improved dissemination of some powders can be obtained by imoor-

perating an additive, but all powders have oict been tractable to such

treatm~ent, Some powderg are eavi1y disseminated without treatment and

in these instances the beneficial effect of the additive Is not revealed

ofep powder tonair aora ore owpet dseneryapication. Teaue feoper pairn

tipodes aunit volume)e anipratahre avaiabl for reglbrtio. sm pý:.

intracion" aewend pherhaps eitelasurfae reviewt can bhe ucted tofi

prove the ersozabilt of pa omele podurs, and pra aopry taccomulsh edi

considered.I appliblen tonae~ pactortha has thivnte progrmplt separation

ab hnayof the smther patcl uinoindiidue pordersIne tideneitstudies onlrto

ofti-ggwdertoatir aor armores comulerteta.164 dismiaind becmaus feand

Baticlh (1965) werue) sucessu avinal o imrovingltheraerosoia yo

CVagnt y cical and pehpchymical sodificerations. a eusdt m

prnv the y.iprveti aeroslzb fsm owderso cand proerl accomplished iet

shn uldbjectpping bl tollr powder s to tht~ ce~a-hisicalotreatm n aal nd1.11s

thn aosolizingry itprowmeth In imactoor-ztyp cn e disseiinatobea

168

72777 77!Y



iX XISMTOSTATIC ZRrNM~

A, Tutroduction

Throt4Lout the course of this program there was ample evidence that

electrostatic Offiects are important In the diceemintion of powders and

were ctoplicating factors in their zsaessment.

The dascription of the phenomena which produce the charging of the

I '-ticles was covered in Chapter XII of SRI Speclal Technical Report No. 2

(Poppoif, 1965). A companion program by Stanford qow'-,.ch Izz'-tutor-
designed to stud7 the " aýcts of electrostatic chargos or

aerosols. As a consequence, our program was limited to Gbservations of

a few of the electrical effects that might influenre results.

One of the first evidences of electrostatic effects was revealed

early in the program udziing the dissomination of Microthene. Rather odd-

shape6 agg1#,erates appearod which suggested electrosiatic attraction be-

tween particle3, as shown. In Fig- UX-1. Quinino and saccharin disseminated

to form light, fluffy chein-1ike agglomerates, again suggesting that alec-

trostatic forces were bringing. about reagglomeration. The ýhain-likc

agglomerates ar* not unusual; Dalla Valle ot al, (1954) among others hadI ~observed them, and they czonclvded that "the aggregates of charged particlesi
showed a pron;#nmced tendency to~ be oriented in chain-like patter" , indi-

cating polarization."

Anotcher manif-eAtation of Cec~trostatic effects occurred during dis-

samination of treated Microthene in the laminar flow settling chamber,

Under the conditions of the exparlient, practically all of the particlesI were attracted to the walls Gf* the chamber, thus rendering the cham'ber
N rather useless for asseesing thirs type of material.

Experiments were conducted to demonstrate that the electricsl prop-

erties of powders can be modified by additives and that the introduction

of ghe tons into the aerosol atr,ýPm caiN be made to modify the resuli~ng

asi sol. The results of these tests are reported below.
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FIG. IX-1 MICROTHENE DISSEMINATED AT HIGH AEROSOL
CONCENTRATION SHOWING THE CHAIN-LIKE
AGGLOMERATION
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B. Iloectroatatic Meag'.arewnts of Powders and Additive.

1. emasurements with a Parallel-Plate Charge Anayzxer

Initial tests were made to determine som- of the fundamental elc-

trical properti o n of the powders and additives which were used in this

program. For ewamjie, it was desirable to know the type of charges on

a iZer when it is being metered out from the bulk power contaiDer.

This measurement waysmade with a parallel-plate electrostatic charge

..,wAyxer, shown in Fig. IX-2a and 2b. It is a simple apparatus and it

has been employed bkvarious Investigators, notably Nash et al. (1963)

and Oro Berg et al. (1963).

The cell in which the observations were made consisted of a glass

tube 10 cm in diameter and 13.8 cm high equipped with plexiglass cover

and bottom. Two brass plates evenly spaced 4.9 cm apart were connected

to a variable high voltage supply. Powder was fed from a small vibratory

feeder into a funnel at the top of the cell from which it descended to

the midpoint between the two plates.

In the photograph, the vibratory tube conveyor was constructed of

plexiglass and the funnel was copper. These can be substituted by other

materials for observlng the effects of materials of construction on the

triboelectric effect. The funnel was connected to ground and the positive

and negative electrodes could be varied from zero to ±7500 volts with

respect to ground. To permit a more quantitative measurement of the

powder, small boxea were placed under the ilectrodes to catch the powder,

and were wei6,' to obtain ther percentage of positive, neutral and

negative particles.

Results obtained using this apparatus for powders and additives are

shown in Tables IX-l and IX-2 respectively.

Table IX-i shoved that some powders were charged one-sided, while

others were equally charged. Microthene and saccharin, for example, con-

tained many more negative-charged particles than positive-charged ones,

Oni the other hand, quarts and aluminium contained almomct equal proportions

of positive and negative particles. In all cases, the maJority of *he

powder was neittral.

1-7.
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FIG. IX-2'a GENERAL APPARATUS FOR MEASURING ELECTRIC CHARGES ON FALLiriG POWDERS

FIG. !X-2b PARALLEL -PLATE ELECTROSTATIC CHARGE
ANALYZER F-'JR POWDERS
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Table 11-1

NLDTISTTIC AXALYSS OF~D3

Po r 1r, Negative, In Positive
Electrode Bo In NeutraI Box Electrode Box

Saccharin 2% 52% 46%

Mticrotbeno 2% 87% 31%

Glass Boads 13$ 63% 22%
(1-301)

Quartk. 9% 75% 16%

AAWMlMi 9% 81% 0

Table TX-2

ILBCWO8TATIC ANALYSIS OF A[VITIVES

Aveage~ Aerae 5 Ave-rag* %
Primary Particle Averagdieraed

Trade Name iaet" a and Doesgative Deposited in Deposited
Surfae Ara atNega ivNeutral Box at Positive

Sufae re loctro Eectrode

PQ 2340 0.13 2 3 12% 65%

Cab-0-8i1 0.0150 24 is% wo
U-5 175-225 a2s

Vclron 0.01-0.03& i% 26% 73%
Natersil 200 no/go

H3'drophobic 0. 011k 2 16% 24% 60%
1 Silica'; 200-300 a Igo

Quao f-2 0.021 J 2 7% Ve%37

150-175 a/gm %27
Organ-31 0.0150 40%4113
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The additives analysis, Table IX-2, showed variations it. their

charges. Like the powders, most of the additives comntained more negative-

charged particles than positive-charged ones, but unlike the powders, the

negative particles dominated the charges, i.e., " negative particle& vs

24 positive particles for PQ 2340, Cab-O-Sil. The only additive which

yielded a majority of positive particles was tIrgan-0-Sil, and it gave a

46% positiv, and 13% negative ratio. On* additive, Quso F-22 gave ap-

proximately equal percentages of positive and negative particles.

In addition to the differences in electric charges, the individual

additives exhibited a characteristic twhav'or of their own. Cab-O-Sil,

for example, built up in very thick layers on the electrodes whereas the

particles of Quso F-22 jtwped rapidly from one electrode to the other

several times during their dencent. The Organ-0-dil was unique in that

it coated not only the front but also the back sides of the rlectrodes.

The powder also spread throughout the chamber, coatirg the wal.s with a

thin, but tenacious layer.

Electrostatic analysis of saccharin treated with 1% of saveral of

the additives is given In Table IX-3 below.

Table IX-3

I MOS6TATIC AALYSIS OF SACCHARIN AIA.TED WITH SV"RAL ADD!DTI YES

Powder % Deposited Ft % Deposi ted In f [)eposted at
Negative Pole Neutral Box Positive Pole

Saccbarin, untreated 2% ¶4 4 6%

Saccharin w. 1% Cab-O-Sil 16% I0%

Saccbarin w. i1 PQ 234ý) 14 594 25(

Saccharin w. 2% Organ-O-SIl 4- 26. 34%

Saccharin w- 1% Quso Y-22 34 2(4

jSacrbarin w. A Istervil. 44'

fxcopt for Qujo F-22, the addil^Ivt served to ttoakew the chargv di-sitibu j
tion, givinig nearly a iqtkl ,-w);tnta of positive a*d t.gitve charWe pur-

iles. The (lu"o F-22 did not alter the charg* pattern appreclabl, from

that of the untre*tt pc"der. There d$ofs not ,e" ta t ailiy v ,rriaxtion
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0
•twoen the carhors on the individual additives and powders, and the

S3U~ting charge on the mixtures of the two.

Another series of poowtk.r-additlve combination tests Is given It

!-nble IX-4. W9tb sacchsrin, two non-silica additives, magnesia and car-

U" bon bleck, seeved to neutralize the powder. Thur as in the other tests,

odditivea tendeA to equalize the amount of positive and negative particles,

C) but did not always makv thein more neutral.

Toble IX-4

1.!t'!i'OSTATIC ANAML,•S OF SEVEML POVIUM AND ADDITIVES C••NATIUS

Deposited % Deposited % Deposited
Powder Additive 1% in Nepative %In Positive

Electrode Box in ur Electrode Box

-.- cliarin none 2% 52,5 46%

PQ 2340 24% 40% 36%
Cob-0-8il 15% 61% 24%
Magnesia 3% 92%
Carbon Black 2% 91% 7%

Class Beads none 9% 69% 22%

(t3i)PQ 2340 17% 61% 22%
Cab-O-Sil 17% 503
magnesia 20% 43% 37%
Carbon Black 19% 56% 35%

Quartz none 8% 74% is%

PQ 2340 5% 85% 10%
Cab-0-Sil 1L8% 64% is%
Magnesia 7% 86% 7%
Carbon Black 10 &2% 7%

Aluminum none 9% 81% 10$

PQ 2340 7% $9
Cab-O-Sil 7% 83 1
Magnesia 11% 81%
Carbon Black 12% 86% 2%

With glass bends and quartz powder, the samV geine"1 trends were

ýbserved. AlumTium powder is neutral to begin with, and no changes oc-

curred there due to the additives.

In a recent study on the electrostatic effects of a powder (Carbo-

Wax) and an addItive (Cab-O-ill), Nash et &1. (196•) smg•gsted that
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%utra~lJatjon of the mixture occurred Licause of the attraction o" the

no3ative charged Cah•Oi-Ji to -ho positive charged Carbo-Wax. Although

Ui.i mechsun8ri could happen, the data In Table IX-3 and IX-4 indicate

Inat a general shifting of charges of a povder-additive mixture wilt

o:xur, Irrespective of the electrostatic charges on the individual

ywders and additives.

A brief exploratory test was made to determine whether thtis electrical

effect wa3 an Inherent property of the powder or in some way reflected

the method of handling.- A ,4ample of untreated saccharin powder was elec-

trostaticelly senarated Into those portions which were attracted to -,..e

positively ana negatively charged electrodes respectively. The powder

was removed from each electrode and again allowed to settle into the space

between the two electrodes. Results shown in Table IX-5 below reveal that

fractionated powder behaved essentially the same as the powder which had

not been electrostatically 3eparated.

Table IX-5

ANALYSIS OF ELECTROSTATICALLY SMPARATED SACCHARIN

Pdi % Deposited in % Deposited in % Deposited in
Negative Box Center Box Positive Box

Unfractionated 2% 40% 58%
Untreated t oeSaccharin Powder removed

from positive 2% 31% 67%

electrode

Unfractionated 40% 25% 35%
Powder removed

Saccharin from positive 35% 25% 40%
Containing electrode

Org•n-O-S31 Powder removed
from negative 46% 15% 39%

electrode 
I

The procedure was repeated with saccharin treated with 1% Organ-O"il.

In this case, also, there was exsentially no change, in the behavior of

the pvoders between those which had been previously fractionated and those

which had not been. It qppears that the charges on the saccharin, treated

i76
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and untreated, are not fixed. It is not eovident how the fractionated

powder re-orients its charges to form the charge distribution of the

original powder, exce-1 t that the charge distribution observed was con-

trolled by triboelectrification in the vibratory feeu and funnel system.

4. Measurements with a Metronics Electrometer

I.be first series of electrostatic measurements gave data sufficiently

sensitive to establish general trends. However, it was desirable to ex-

pnod the measurements by determining the magnitude of the charges on the

bulk powders. In the second series of tests, a sensitive electrometer

developed by Metronics Associates was used to measure the type and

magnitude of charges carried by a powder. The instrument is shown in

Fig. IX-3. Full scale deflection, either positive or negative, corre-

sponds to about 100 picocoulombs (10-10 coulombs) of charge on the probe.

The measuring technique was also phanged by forcing the powder through

a 140 mesh metallic screen rather than allowing it to slide over a flat

metal surface which is the situation with the vibrating feeder. The prob-

ability of contact charging is greatly increased by the greater surface

area of the wire screen and the closer proximity of the wire to all the

particles passing through. The experimental procedure consisted of weigh-

ing a piece of aluminum foil which was then placed on the flat'probo.

The powder to b6 tested was put in a wire screen which was tapped or

brushed cauwing the powder to fall on the aluminum foil. Enough powder

was processed to cause the meter to read full scale, and this was repeated

several times. Measurements were made with Microthene treated with PQ 2340.

The data for Microthene is shown in Table IX-6 below.

Table 1•-4

UtZCMc~TATC mOsimimiri Of WCOT '1RZA72D WMI PQ 22')

IfV 2340 _56 Ovaine Needed to Cbarg*-to Mass
In C Register Full Scale Ratio, aano-In Itltuo Ch• 1GO pioomuOloisbs) coulowbe/gm

none + O.0040 Cis 1.06
o.o0f 0.1182 sm 0.78
0.073% + ,.524 go 0.17
o.os63 + 0.4030 go 0.25

.100%- 0. 1212 Se 0.78L o.oo% - 01 , N 0.7
0.0i. - 0.001 10.0
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FIG. IX-3 METRONICS ASSOCIATES' ELECTROMETER FOR MEASURING
THE TYPE AND MAGNITUDE OF ELECTRIC CHARGES

A. 4
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!;t Outod Microtheno exboiboed a positive charge while Micro-thon.

't i4 PQ 2..0 aiowe a negative one. PQ 2340 alone was negative. The

valuts obtsined with the 0.075% PQ 2340 content indicated that those per-

cttagP5 may be the transition range between charges. A significantly

!ý'rger amount of powder was needed to cause the seter to register full

scale with these mixtures and the meter fluctuated between positive and

negati',e readings.

C. Effects of Electrostatics in the Dissemination of Powders

MWeasurements of the electrostatic charges on the bulk powders was

reveoling in that they provided some background kIcwledge of tbm type and

magnitude of charges carried by the powders. The ultimate objective, how-

over, ig to correlate the electrostatic properties to the aerosoltzability

of a powder, For example, the light fluffy chain type of agglomerates

formed by quine suggests that electrostatic forces are operiting. Such

forces should be altered by the presence of gas ions injected into the

air stream containing the particles leaving the disseminating tube. In

preparation for the dissemination of powders, under the influence of

electrostaties, a few prc-lminaky measurements were "lade to see bow

electrostatics might be applied#

1. Preliminary Ihasuremonts of Ion Charging.

The first measurements, wre made to determine if electric charges

cauld be induced into powders and additives. A 26-inch U.S. Radium Co.

Linear Ion Generator (radioactive type) was used for boubarding the pow-

der or additive with iorn, and the high voltage parallel plate analyzer

was used for quantitative measurement. The Ion generator could be caused

to emit either positive, negative or bi-polar ions at various intensities.

,he powders in a grounded alýsinum cup were placed three inches ut.der the

generator for charging ond then hand fed to the electrostatic analysfer

with a plastic spoon in small, 10-20 mg quantities.

Three additives, PQ 2340, Cab-•-911, and Oigan-O-Sil, were exposed

to the ion generator at maximm intensities. The data are plotted in

Ft, TX-4. ney show that the charge distribution patterns for PQ 2340

ind C~b-O-Si) were no different with the Staerstor off or on negative ion
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output. With the generator emitting positive tons, bmmveor, the charge

distributioa for P'Q 2340 mnd '_b-0-81l showed a reversal io the distribu'-

tion between the a*egttvaly and the positively charged plates. For ex-

ample, the acmount of powder deposited on the positive electrode decreased t
from 80-904 when the generator was off or emitting negative ions to 10-2CAs

when the generator was eaitting positive ions. Thum, these two additives

responded strongly to positive lon ea&Assions. In cov~trast, 0--gan-0-Sil

responded only slightly to the effect of the ion bombardment, whether

positive or negative.

The ofi~.ct of the ton boubardment on the electrostatic properties

of saccharin was also investigated, and the results plotted in Fig. UX-5.

Since the saccharin W23 predomiuzatly negative, the effect of the negative

ion output did not alter the charge distribution. This duplicates the

nullify the eostfe and thegaion boectrodent, southa theapowderodistripotion

was nearly the same whether the ion generator was emitting positive or

ngtive magnitude of the charges on saccharin powder was also measured

uigaFaraday cage type of arangemnent. Measurements were made on

treated and untreated powder, with and without ionl bombardment. The

saccharin powder was transferred to the Faraday cage manually in scoops

of 25-50 mg quantities until a charge o~f 5 X( 109 coul;mrbs was built up,

tity has been put through. Iteprcdurib~lity was about ±20%.

The results are tabulated in Table 1X-7, The -untreated saccharin

carried a res~dual ncegative charge of 3.4 X 10 coulomba/gm. After
treating with 1% Organ-O-S3il, the saccha,-in registered no chargear "'di-

cating th.ýt eitker the particlecD cantaintod no charges or the particlesI contained ctharzes whic-h wer-e equal ir quintity and tmagnitudg. Previous
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analysis of the treated saccharin with the parallel--VlSt* aatlyasr Indl-

catee that the latter assumption was more probable.

Table IX-7

XAGMITUIE OF ILICTIRC CRARGE ON SACCEMAIN POWDIMB

dedi ti: rPolarity of
Radioactiv Charge Being Charge, Avrag•d

Regtered onCoulombs/ g Coulob/Generator ElectrometerColmsa

33 X 1 _
Saccharin 2n7etive 2X 1 -) -8
Untreated 31 X 10 "- 3.4X10

46 X 10

Sacchara•i ith o
I% Onfan-O-oni 1

ion generator 35 x 0-9
Saccharin emitting negative negative 4 X 10 (-) 3.8 X 10-8
Untreated tn 0X1

1i ons, ...

44 X 10-9
ion generator 29 X 10-9-

Scchartn jemitting positive positive 25 X 10 (+) 3.2 X 10-8
Untreated long_31 5X 10 -9

X -9
ion generator 9 0-9"

Saccharin with ingertr9 X 10 -
emitting positive positive -9 (+) 0.7 X 10

1% Organ-O-Sil ions X 10-

10 X 10"-9

Saccharin with 1on generator 3 X 10 - 1
- emittng negative negative - ( 1.2 X 10

ions 11 X 10-9

Next the powders were placed under ion bombardment to determine its

effect on the electric charges. Exposure of the untreated powder to

negative tons from the ion source gave approximately the same charge as

the untrceated powder, or (-) 3.8 X I0- coulomb/gm. However, when the

emitting ions were switched from nogative to positive, the saccharin

acquired a positive charge, amounting to approximately (f) 3.2 X 10-

coulomb/gs, which in almost equal in magnitude v4 that of the untreated

powder.
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Tyeatment with Organ-O-Bil served to reduce the capability cf

saccharin to acquire ciIgs from the Ion source. This was previously

shown in Fig. IX-5, and the conclusion is supported again in these tests.

The charges acquired by the treated powder were 1/3 to 1/5 of that ab-

sorbed by the untreated saccharin.

It way be of interest to note that Shaffer (!962) measured a charge

of (-) 2 X 10 coulombs/ga for L-treated saccharin which had been worked

a little with a spatula. This figure is in good agreement with the

(-) 3.4 X 10-8 coulomb/ga obtained in these tests.

The above observations indicate that the electrostatic charges on

additives and powders can be changed and that a low ectivity ion source

(asproximately 2 X 0')9 c,.ulombs/sec) is sufficient to change the sign of

the charge. Bowever, th. addition of an additive to a powder served to

minimize the effectiveness of the ion generator to charge t he mixture.

Thus in support of other data reported herein, the effect of an additive

can be to neutralize the electric charges, and at the same time to inhibit

the ability of the powder to aquire a charge.

2. Dissemination of Powders With Ion Charging

As indicated above, the radioactive type ion generator was a low

level ion source. In addition it was a bulky piece of equipment not

readily adaptable to dissemination testing. tonsequently a new ion gen-

erator, of the high voltage variety was fabricated for dissemination tests.

The gentrator used was a modification of one designed by Whitby et al.

(1965). It is shown in Fig. IX-6.

Figure IX-7 is a schematic drawing of the method used to determine

the condition for maximum ion output from the Ion generator. A 510 V

battery was connected to one of the plates and the high -'ide of a Kelthley

Electrometer, and a 22 megohn rabiatr- ws' • z•'-•l, between the other plate

and the grotnd. An air flow of 621!min was uned for adjusting the needle

setting. The ion output was most steady when the needl, *ws at 0,0-5"

away from the 1,/16" dia, exit hole, and so thi.- oettt.lg was u.ed for all

ion generator tosto Thz applied voltage for all tests waa 6000 volts.

A quantitative measure of the ion output was noL considered ncessary
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because the supereg registered on the Electrometer is a function of (1)

the sioe of the plates used, (2) the gap between the plates, (3) the air

flow through the ion generator and (4) the distance the ton generator iq

located from the measuring plates.

The most convenient means for introducing the ions into the disenai- .

nation chamber would have btcn to pipe them in. However exeriments with

various pieces of metallic anD plastic pipesi scan as short as one inch,

revealed that the ions could ,Aot be piped at all. Consequently it was

necessary to redesign the powder inlet to the laminar flow chanber such

that the powder and ions are introduced sidoeby-side. This arrantiment

is shown in Fig. IX-8. A few dtaasaination tests using quinine were made

with the ion generator attached, but no voltage applied, The nano dis-

tribution pattern duplicated that obtained with the previous method of

powder introduction, thus indicating that there was no significant change

caused by the mechanical rearrangement for introducing the r-.ýwder into

the chamber.

The dissemination results for quinin* osterized with 1% 1Q 2340 are

plotted in Fig. IX-9. Runs #35 and #40 were made with the high voltage

electrode being negative and attached to the needle, and the positive

electrode (ground) attached to the exit-plate. Since the *wo runs were

in excellent agreement, only the avernge is plotted. For Run #41, the

polarity was revvrsed with the positive elec-trode attached to the eedile.

This run matches the 435-49 run, thu8 Indicatinig thot a neg..tive charge

or a positive charge on the rseodle gave similar of,',ts. An b•viousq

from tht c,%trvea, most of tbh quinitt (8e or sc) from either of the uni-

polar ring romaaued in tbe dutt, wtwroa. in the con ntionsi eitualion.

writh reo ions 'Run *i.-43) only 30$4 ren~ined in the dt.ict. anid the ,tst

the quit.ine Iesi oto the plates. and into the i-ioe T-e t ~r~t cnciu-

qtcwn ais t.hat the -rdplar i*on had a r-e.endoua Aetrimwnta effect ... -

the acro#tliab6iz.-y of the iine .. wd#.r. Ru..

of the me'tlee particles. •tg. -Ishowd a Aarge :, zi.-r Siirwl"

pari'cle.w.l•.e.- than 70u. Sinc- all pa-ttcles ff.nier .. aia 5,'I *o'uld

he* car~ried ~p by h# six strsaml ~t muat be teoclu6"e V-agt tb* totn in

lzll ne~ghtkar~)ing a g: ,t reSA ChA1 ttrf patto o In stt. aCted to ft

~~-'S'
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FIG. IX-8 BOTTOM PLATE OF DUCT SHOWING THE ION GENERATOR
AND fQWDER DISSEMINATION TUBE SIDE BY SIDE
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FIG. 1X-10 QUININE PARTICLES ON SIDE OF DUCT RUN #45
Conventional run, no ions generated

FIG. IX-11 QUININE PARTICLES ON SIDE OF DUCT RUN #40
Negative ions f-.nerated in the n~eighboring air stream copy
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Uf ?~ EP~. rdinsrily thSe$ particles would be Carried Up by the
• •tr a~iti •dpos~ted on the settling plates.- -Figro ZX-lO cisa be

to FIS. 11-1I to illustrate the differenoe In parttile- dlpow--

•. ' I the wall betursvn an "ion" and a "no Ion" r".,

Thia differance Illuotrate- that the behavior of asl srosol of solid

toy -oncuew~ bich aerosol, i*e., with or withoutlion introid~tiofi Is the
S+•e •nr ++T aerosol prodtced In the presence of ions had more single

pIierf¢ but their asrodynamic Vrokwrttes could not be detearlned be-

-if , l+ rapid alerstion to the walls.

Also plotted In Fig. IX-9 are quinine runs in which "mixed iono"

ýprcduc• o by high frequency alternating current) were generated. This

run gave a m,•s distribution pattern only slightly different from the

n*-iona run. and no definite conclusions can be made. Microscopic emfai-
notion of the slides from the 'mixed ions" and "ln ion#" runs revealed

that the deposited p ti¢le-sgg~omarsteS frme both runs We similar.

D. Dliscussicon

A lartg number of messurements were made on the electrostatic prop-

e•rties of the bulk powder, and it was found that most of the powders

teatod carried a majority of negative charged particles. Most of the

ddittives were also strongly negatively chaaged. Despite their original

chrge distribution, the effect of mixing an additive with a powder re-

'.ultcod in a neutral powder mixture. The neutralization of a ýowder with

on additive has been observed in other studies, eNga, ash et al. (1965),

Waffinden (1964).

,i'--cl••t.ors between the electrostatic properties of the bulk powder

tln r• eosolizability were not evident. In feet, there are Indications

hicýý suggtzst that the electrical properties of a powder in the bulk stage

,nidersly dlfferent- from the particle properties in the saeroolited

~o*Shaffer (1982) and Owe 'Borg (1963) noted large differences In the
,, chsrgeft between powders which were at rest, and those which had
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pr.: -prvti, at a powftr can be mitered, either by
wfit a~t, by ý.n charg n. The Inifluence of ton charging on the soro-

za, 4unin* was qutte evidlent lin this progpram, but Its effect

atd or -1ho di~ssoination of solid and liQUtd *cmnts,

~!ýt al- TA65ý empl~yad a corona-dkscharge type ion genarator

;~~ttill W hs itby W~d~l) to Study the effect of injecting ions into

~ ,The material uned was powdered sugar with a cornstarch

~~;r;-wdo w~As tnjected downvai4- from the top of a one cubic

tý 4rhambor Rhlle tho ionized air w"as inected upward from the bottom

of tt-e chnmlber, Positive ions were injected into the terosol cloud (no

run~3 were~ imare with n~egative or mixed Ions).

71heir re~u1ts showed that the positive ions did affect aerosol be-

ý_,Izdatha te tns ctu llyddsuproabessthat aoreaggpmronounc difth erenc

In .-oroalbehavior wouzld have occurred if the Ions were injected closer

to te dspeseroutlet. Experience in thislaotrywhsilrtn

in bi3 iuair'on on ogglomeration of aerosols, Woffinden (1964)

ccýIcjde tht-celi~sions between aerosol prils"r asdb og

foor-e, nd that Agoeainkdeln ncue

electrostatic l<orces." Hie indicatea that random collisions

extr'Mpltaro aa cov.pared to collisions rosulting -from electrostatic

d, It," pre~oent data, to support his conclusions, but in

-Yn -ýfVý rti-port, re!*,oning ta proisented which strongly suggests

.se ttrartion la the vost plsueible inechalisim for the

,1.,;~i-M~rt1., f)fthe faorosol~zeJ particles.
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The-Ueinnng mi nd at the aerosolization pl'ocss Is easily statcoi.

dis= roscoThisr

ater an t Ies torbe wudisbemienaied ito sean at sincloudrice

cuumfinl clou bhulk containl 10 toa 10 aertlosolm of an eailycon sz

are uslAtey tat le fres woul tbe primuiryeptoereparaesnlprticles.

Thelo of szsuspelow p0mco.art~aes disemiaedsrmriyo the aeoolprtcles

arewhich:, agloeateso the proimthe powder pagglcraes.Siete
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is not of iw~&edlsti concru bere. The objective of this program was to

seek quantitative Informaition about capabilities and linits in the breakup

of agglomerates and the Initial dilutlion of tho particles into a sus-
pension.

In this sectioim theoretical considerations are shown that explain

most of the pLeiuomena observed in tn* dissominAItior, of dry powders.

Aspiration of a powder through a xatraight tube will produce some

Individual particles in ttue 5-micron rwige by Impact with the tube wall.

But a spiral V'ibe or other device that assures imprctioh of all parti-

cles with a&Gi ufc is consider:ably superior for air suspension

concentrations. The mnecqanism for reagglomoration cannot be explainod

by Iconactbeteenparticles during turbulent flow through the tube,
2)contact' ewe particles inthe air jet at h exit of th ue or

3) contact. during the settling of the susp'ended particles. The calcula-~

tions sh-w that electrostatic charges on the suspended particles is most

likely explanation for reagglomeration.

S. Mechanics of BiýLakupof Agglomernttes

1. Yield stresseýý

Loch partic'le in a powder bcd of unifortdy sized pt-rticles touches

ott-er ptirticles at from t1nree to nino contact pol.-s, with the lower

value bi~ the more probablo. Thq srnlie-3t particles will I-iive a winir

1Wu&I of three corstact ixojntvq bat larger parti cles, because they are

su~rrouivied by smaller particles, will be couched at msore points. For

particles of si,ýes lees than s~everua hundrad micron, the force needed

V, C-pýIrazke Oach contact Poinlt ip vdriousily eait~imateco and rnetiured 1tý
-2

he f rami. ik) ro 1 d-,aci. A I tterattire revi ow ' adh6ý';-kvo forco* -wiasurte--

me~ .f po~idf-rs anid particl'es is g~vo in *kpp j-iix 8, Th,-ý cot)c t



To ;lplfy the theoretical considrations, the diacussion on the
breskup of agglomerat~e is limited to on* contact point between two
particles. Aleo, the change !z bindihg forces caused by an Additive is

not considered here. The existence of an additive has been shown else-

where in this report to reduce the binding forces. Although the effect

is observed in the dissemination process, there are no quantitative

data on the magnitude of force reduction and no agreement in the litera-

ture on the mechanism by which additives operate. In what follows it

Is assumed that no additive effect3 have been introduced.

It is convenient to begin the discussion by considering the bind-

ing force to be a van der Waal force. A simplified equation for

van der Waal's forces, given in Poppoff (1965), p. XII-39, is that the

force between two 3pheres of diameter D ib F = KD /2, where K is a
p P

constant associated with the surface energy of the spheres. For most

orgiaic materials K is of the order 200 dyne/cm, For 1-micron particles
-2 -1

this force Is U0) dyne; for 10 micron pa~ticles the force is 10 dyne.

These forces can be translated to apparent yield stresses by dividing

them by the projected area of the particle, that is, (0-2/(10"4)2 =

6 2 ~10 dyne/cm fo. '-micron particles, and 10-a/10)2 105 dyne/cm2 for

10-micron particles. The apparent yield stress of final breakup increases

with decreasing particle size. Indeed, for 1-micron particles, it reaches

values of the order of 102 times the yield strength of parttcle material

itself. In a sense one car look upon 1-micron particles In contact as

walded back together again over an area equal to about 10- tir•,s their
1-10 2

projected area, or boxhded by 10 cm patch of colid, structured

mvaterial on the particle surfaces,

Wuhfn applied to clst- packe,., mul A-particle agglomerites, this

method of estimnting ylol] -tress will continue to give the sam~e order

of magnitude for the stress as that for the final, two-parttcie. :iýglom-

erate. With mcore probable open packings, the vhelt stru.ss wcýJid be less

by factors of two or threo, Hoeover, one shuold ,,ýpvc t thu apt-arex:t

Siecd 9 tres to contlnue to be Pr•imaril fuJctla2 ,onf ,Irtlcle Iiztý,
rather' thai' eggKomere to •o.i



rer erall part-cls• tbo makui and breaking of contact forces causes

t~~r o flnv ozd takt au aoma a? the characteriatica of liquids.
N , show ppnrut "vixintoJ ties" and "surface energies," and it is

•,.Z-oflb• to ompsct that they may diuseminate only as well as liquids

v2A l2valonit m~echanical p~rop4erti

it is u•iw•o to compare the contact yield stresses with the surface

tension stress or "survival stress" of liquid drops, 4O/Dp, whero i s

ppthe surfaco tension and D the drop diameter. For organic solvents with
P

ai surface tenl±on of the order of 25 dyne/cu, the yield stress is
6 2

10 dyeo/cm2 for 1-micron drops and 10 dyza/cu for 10-micron drops.

0). this basis of comparison, it ehould be as difficult to disseminate

single 1-micron solid particles as it is to obtain 1-micron sprays

(nea.rly impossible), and to generate single 10-micron particles as it is

to obtain 10-micron sprays (always Jifficult).

2. Gas--Oynaxic Stresses in a Suspension of Agglomerates

By definition ýf pneumatic dissemination, the applied stresses caus-

ing agglomerate breakup is of gas-dynamic origin. Therefore final breakup

of the smallest agglomerates occur in a suspension of agglomerates. But

the stresses aribing in the flow of ordinary disseminating devices are

rarely large erough to achievc a suspension of single particles with

sizo. less tha" 10-micron. The maximum possible aerodynamic breakup

stress will be the stagnation pressure of air at some maximum relative

velocity between air and powder. The value of this stress is given by

SV2/2g where i' is the density of air, V is the relative velocity, and
a c3

ge is the proportionality constant (1 gm cm/dyne sec ). For the practical
4

m1ximum velocity of 3 X 10 cn'sec (sonic velocity) in a gas disseminator,
C 2

the largest broaiup stress is 10 /2 dyne/cm , just sufficient to give a

fcw /2-micron agglomerates in the small end of the suspended sieze distr.-

tl-.tion. For the more applicable situation In which the breakup stresses

are working tn already accelcatod agglomerates, Ranz (1967) calculated4 10-3
.th-t rho values are frcm It: to 10 times less than the maximum givdi

)L



3. Collini~n irle-act sta-Pose

if a va*ni'$ particle or agglomerate strufles a wall or another

Mr-±cicle At relottive velocity V, It will be subject sometima during the

e:olltsionl to breakup stresses at least as large as the plastic stress,

P V 2g, which would occur if the particle deformed like an Ideal fluid.
P C

!R; re . • Isthe den y of particle material. Thus an agglomerate strik-

a hare 6olid surface at sonic velocity (3 X 104 c/sec) will be subject

to a breakup stress of about 109 dyne/cm2 if the particle material has a

density of 2 gm/cc. .ot only is this a sufficient stress to break 1-micron.

cotact forces, it is large enough to cause further grinding of ningle pur-

t:cles. Actually, collisions of agglomerates at only one-tenth of sonic

el]ocity should eventually produce 3 suspe--len of 1-micron particlev.

Thus, an aerosol of single solid particles with sizes less than

10-microns can be obtained by a fluid regrinding during suspension. And

in some situations, further comminution of presized particles may have

to beo voided by limiting the maximum stress.

The conminution of single particles on collision is not a simple

matter. Early studies (i.e. Fitz et al. 1955) indicated that the pr.maury

breaks occur because Ofa concentration of shock waves reflected from

the particle surface farthest away from the impact region. More recent

resarch by McFarland (1967) rhows that there is no sharp breakup stress

al which pp.rticles divided into pieces. There is rather a wide range of

applied stresses over which larger and larger fragments are chipped frous

the primary particle. However, somewher:• in the middle of the range of

apparent impact stresses where breakup is observed to occur, the material

yield strength value is also found.

C. Dissemination Methods Using Collision Princile

Dissemination of suspended agglomerates Into single, micron-sized

particleo has been accomplIshed In several ways using the collision

principle. F7uchs and $elin (1964) for example, found a vast larrovemnt

thtý --,os-l when the powder was Injected through a spiral tube;

B;'-dorr ,;. al. 19 I65) found that a cone impactor was a bighly efficient



*M i vTiftor. lIn now tfvicem, btoakUp by ciontr-1.tugation of *sgJmvue$i.

aj•)t a wnlý ýs combined wtt) clasaification where smaller partlclis

1, r an outle't froa the vortex, us done by Perkins et al. (1952).

Grinding wis which produce 1-micron particles also appeared to

dt•i;,• or, Vi5e mechanism of wall-particle or particle-partlcle c41l1sion.

roi aximplo, iin the Spinco mill described by Tanner (1957), 10-micron

parti,--ley given an angular velocity of order 104/2 cu/sec by a turbulent

Ccretto flow are centrifuged against a stationary outer wall at a radial

velocity of crder 103 crm/sec. They traverse axially the 0.05 cm gap be-

tL•o..n rotor -and sturrr In1- 03 see, and several collisions are assured.

Lmru;•ptioi may 1w enhanced by spinning off the walls, but rotational

•,-31ecities imparted by main floe vorticity, rotor velocity multiplied

)v par.1.cle oiz and divided by gap width, are not sufficient for breakup.

T1h mehbanism for particle breakup is not the same as that advocated by

Tannor, but the values of the force causing breakup is of the same order

owiro:is invJss of those devices can be made by relatively simple

. Cons-Idor first wall collisions caused by turbulent flow at

vvlocity V along a wall. If the agglomerates move randomly and inde-

p•c:Thntlv of tLe gas, then, according to Levich (1962), the impact stress

-n be as hIgh s P W I /2g where VI is the root-mean-square fluctuating
P 4c

velocity. For V = 3 X 10 cm/sec, V = 1.5 X 10 cm (turbulence intensity

ofT five per cent), and p = 2 gm/cm3 , the maximum breakup stress can be7P 2

z., largo as 5 X 10 dyne/cm

OfZ cqual importance to the model is the collision frequency. This

,ec..junny wflt be no larger than nV /6 where n is the average number

den-;Ity of agglomerates in the flow over the surface. If it is assumed

thhat oah bit breaois an original agglomerate into partictas and that the

,V:cr.tt r,.nains b•rbulently mixed in a direction normal to the Impact

t--n. I- it';',rentla1 changes in the number density in a tube,

ini zw axial r~ ton x, la -rD2Vdn/4 - (nV'/6)nDZ where D it the

t .' tle ttub., For n =r, at z = 0, n/n exp (-4V'2/IVD) at
t o

', .. ... g~ ,. ;,•a 4'uhe, T•-,ta, after 60Dt of tube length In a turbulent flow



~W~v :~ tf'Y !1*-I number denst ty, of Oe~~
n ... 41.5 x 1•, -P V . . 7%W a xigalficant decrease

w- Vkrz-erate canon.ra~tlor will occur.

,An imacton beon. such as the coiled tube described elsewhere In

tI!! lr~~i',cue wall colliaui~ns In a more positive way, XIfa ago
W-l..... •te fq the S•n fo1w at velocity V In a bend. it will be

•ub~e•c• to a centrifuga. accaleratuion of order 2/r whber r is the

ct-• the bond. From Stoke's law, the radial velocity, U• would be

r

;Aciqe• ccntrifuged from the flow would hit the wall at velocity V If
2

t p arIaG-len parameter, p D) V/18 ar, has a value of unit or larger, In
p p 9

th- presont case a 5-micron particle or agglomerate of density 1.0 gm/cc

will havo an imnpaction parameter of 2.3 if V in sonic velocity and If

tha radius of the beti is 1.0 cm. Therefore it In expected that the

particles will hit the wall at a velocity near2y equal to V. The fact

that the flow is turbuient would not change this conclusion.

Nearly all of the particles with D above a certain "cut size" w4ll
P

hit the wall of a single bend or an impact anvil. According to this cr-

ter'ion, at sonic velocity of air the radli2 of curtatu•r has to be less

than 0.10 cm to impact I-ulcron particles (of density 2.0 gm/cc) and

1.0 em to impact 3-micron size particles (see Ranz, 1956).

The =aximum Impact stress experienced by a particle hitting the wall
4 9 2

a valocl-ty of 3 X 10 cm/sec would be of the order 10 dynes/ca , and

vl•rr ox p ertf u .L• o thiPL breaking stress perhaps-four times In a 3800api-

V.-N:i t-he tor•gong it may be concluded that the i.rreakup of t8glowor-

• f"l•• or tnin about 20 zicrons requires a multipl.Jcity of impacts with

.....broa tem into 1ary particles.

~ja~4AJ 8L2..Ž



Aa I. of Ul~mezinated Particles

•o •e0-:z-tion or -ty a-1ro0o1 cloud, consi•derable attention =Uit

"o tho particl- ':orcentration in thed suspension. At large
4Ic"0 -lco.tiatlon (&reater than 10 particles/ce), reaggloneratlon

o ' a'rthei'. particles becomes important. Experimental date from

tb!ji. program, sii well as from investigations carried out by Knutson

;.6y aind Dalpa Valle et al. (1954), indicated that reagglomeration

ral phenomena. For example, the large fluffy agglomerates of

quI.Ine shown lij Fig. VII-29 dispersed readily into many discrete one-

mcron sized particles by marely adding a drop of oil to the duposIt.

::n:e grindirvt of the quinine particles occurred during dissemination,

,t Its oUv'oL,3 that the formation of the fluffy agglomerxta conuld only

have occurred from reagglomeration of the ono-aicron sized particles.

Gthiýr tests with saccharin powder also point to a strong reagglomeration

tcnd"ncy at sufticient high aerosol concentration. In the following dis-

cussion, the possibility of reagglomeration by physical contact is found

to be an insufficient explanation of the phenomena.

1. Thrbulent Collisions in the Flow Tube

For flow in the tube it i4 assumed that the particles are breaking

when they hit thle wall but are reagglomerating in the bulk flow along
4

the center of the tube. At an air velocity of V = 2.9 X 10 cm/sec

through the 0.16 em diameter tube, the Reynolds number of the tube flow

ts 2.8 X 10 , for which the friction factor of a smooth tube is f =
-3

6 X 10 . The friction factor f can be Interpreted in terms of volu-

inetrIlc mechanical energy dissipation rate C by tho identity, =I

(2p V3 /gc D)f. For air at the abole conditions, the energy dissipation

rate t-comes, 9 - L(2)(1.1 x 10-3)(2.9 x 104)3 /(1)(0.16).(6 x 1073) )

2 X 10 9 orgs/aec cm3.

According to Lovich'- equation (Levlch 1962) the random velocity

S1/3~1/ 0.•~p p Xg I X 5 X 1074

.Ž~~ 1~ 2 X 10 S i /(1.t X i 21/

P')- .-32



SparU.:hiit. Xn the f~n reforon~ce tko vol mtr ccl
F Is givn as Nit = (W V Th2i0 for a particle

t 1, i•'T 4. 5 105 P&rtIcIes/¢cm In the tube,

5~ x 105)"11 4
15 X'i or4

108 collluions/cm3 se.L

iN /a t QA ,.a1livio per particle nar second are expected, but t1kl

partiltui axe in• thu 2) tm )ong tube less than 10-3 sec. The result of

iho i-ula-tic•n, t'Vroeo.re, In that each 5-tAcron particle will collide

ýýbc;Jt ý*n%ý tl with another particle in passinS through the tube. The

A * 1-CAU .. .. ..... ::p1 s Vwi.;h %ho wall uf tMav tube per unit

time Qn. nVinD /4 particles per unit time going through the tube. Super-
t

'itially, 6;iých particlo collides wit!h the wall (MV6/eDt)(V'/V) f 30 times

in going thrcugb a straight tube, but the central particles may not have
tino to migrate to the wall during passage through the tube. Thus the

ctklculation can expla.r breakup, but not reagglomeration.

2. Co0iilons at Tube Eit

A gross approximation of the number if bouncing collisionn each

h:ard aerosol pprticle will undergo with other particles like itself In

the turbulent mixing field of a free jet of any high velocity as It

tr-avoli trom a distance x in front of the orificv of diameter D to ary0 • 0

axial distancv x downstream is given by Ranx (1967) as;

-- ý 4 U hi~trivr, ba t It ~hou 1d b o at losst the diitance at Whical

" i•. )•• ngor occurS. Foer to digs", uInation coDdtilons belo,:

So%



- 3F10/c: particulate deppity of cloui

! g.'CM 3, ensity of particulate material in
•' particlo.

I X1O 10 air or gas density in surroundings.

" p•p+ p° , deity of cloud Jet at orifice,.

Ls = 0.16 cm, orifice or initial j6o diameter.

- 5 X 1C04 cm, particie size, assumed uniform.

0.36 c-, distance beyond whAch breakup no longer
occurs.

The number of collisions, N¢, calculates to be 0.30, Indicating that

iacbh particle has only a 30% chance of a single collision. Even if this

value Is in error by a factor of 1i"2, it still does not explain the

roug&-craveration of the largo fluffy ugglowerates of quinine,

5. Collision! in the Settling Chamber

fn thi :low flow before the settling pIates, differences in settling

velocities can bring particles into contact. The mean free path for

straight fall, that is, the distance one can "see"a in the aerosol, is

tiqual to I/nrlD" In the settling plate section of the chamber, the
P 5

at:rosol concentration is estimated to be 1.5 X 10 particles/cc, There-

fore, for .5-miiron particles, the mean free path is estimated to be 8 cm.

If difiercnce' ia settling velocity were of the order of the terminlal

vroloclty of a single 5-micron particle, that is, of the order of

10 ca/i•c, then I•1would take several minutes 1or each particle to

avirage ono colltsion. SInce the particles are in this slow flow region

for oniy half a minute, mimple di.fferences in settling velocity cannot

Sx.-A•.ain the obseorved reagglomeration.

F;1KZýctr:'ý. 1atlc Reagglomeration

11no rulc of electrostatic oattraction can be treated in a number of

%g, t~tid aborat.e movelp and calculations are possible, For example,

• • work in taiw of an Increased "impaction efficivncy" when



particlos pass one~ another, or in terms of an increaxsed "inipaction cross

section" or riccroased "mean ree path.'." One should note, however, that

mechanical collision is so far from explaining the observed ccagulatiom

that electrostatic attraction alone'mup" provide an explanation, if there

is an explanation lo,: reagglomeration.

In the critical review on electrostatic phenomena, Lapple (see Poppoff

1,963, s0ection Xli) worked out a chart in which the charge on a particle,

ex preased a8 the specific surface gradient E (volts/riticron) is related
ps

.to the coagulation rate for 'ýarious aerosol concentrations. This chart

iz reproduced in Fig. X-1.

Data on the s~pecific surface gradient, E S of aerosolized quinine

are not available. However, some data on saccharin are available, and

I; since saccharin aerosolizes similarly to quinine, the discussion below

(193) easredt~t~elctrnicchageson saccharin which had been pneu-

mallically dii~seininated through a hyp~odermic needle at air flow of
31.5 x( 10 cm/sec', and found the charge to be approximately 4 coulombs/Kg

or a 5pecific partii1e surface gradient of ----.5 volts/micron. Since

Sitcreasies ~Tth tre:!olg air flow, values of 1.0 volts/i. for saccharin

would not be iunlikely for %;nic dissemination. Referring to Fig. X-1,
for on o1 g/cc (in the settling plate

sectlon) and an2_ OTAiO volts/4., the rate of decrease of concentration

Is approximat~sly 161),in 107 sec. Even if this value Is of f by several

orders of magnitude, thec oagulation rate due to electrostatics is suf-

ficianttly b1h tG occo=-'~t f'Žr the reagglomeration phenomena.

i 2n a xeczentc a-vady -o' aot-sol reagglomeration Knutzon (1965) found

that the ývbqerved raxglowera r coefficient for saccharin d-3 to dif'-
ferentioli settlilag- of arn aer'osol was approximately 2,3 X 107 /sec.

However, the theoretical aggloml%ýration coefficient was only 1.3 x 10- ccj

sec, a fa*cter of '11 lmcir th an the observed. Even after making allow-

4~sfor liner-.aqed agglomeration because of the existence of a poly-

dispersed aorosol (rat] c thAn a mornodispersed one) and for the presence

of turbule!Ice, -t"ýe exte-imental agglomeration coefficient was still

p4010
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FIG. X-1 RATE OF COAGULATION OF A 0-IARGED CLOUD AS A FUNCTION
OF AEROSOL CONCENTRATION (from Lapple, printed in Poppoff, 1965,

p. XII-11)



higher than the theoretical by a factor' of 10,.- Ho concl~ade2ý that l.ti

charges on the particles probably were the cgnvwý of the disereptaney. I

the-data of Owe Berg and Flood (1.963) for the electric charge of saccharin

is extrapolated, then a specific surface gradieast 01 approximately

0.7 volts/;micron is obtained. Thvn for aix aer-osql kconceuitration in the

one cubic meter chamber of 0.0005 gm/A., the rate of decrocse in aerosol

concentration (from Fig. X.-1) -would be of the order of- 50 per second.

This number would be sufficir-"L . to account for. the higher reagglomeration

coefficient observed by Knrutson (1965). -

I0
Ii
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LITERATURE BRVVIEW ON ADHESIVE FORCE OF POWr"2RB AND PARTICLES

I ~AND TH~E EFFECT OF ADDITIVES ON ALSOREI(I
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Apperadly A

LITTKUAJRE REVIBW ON ADMSNVE MUBC OF IVDEMM AIM) PARTIMMLE
AND M11 BYE( OF AW!TXVE8 ON ADGESrOif

A. Introduction

In connectioni with bulk properties measuremuents, a lita*rature survey.

was made on the adhesive forces of powders and particles. Adheaivto force

measurements are considered important because tbey are most I-1ikly the

co.-rbliation between a bulk powder characteristic and its aerosolizability.

The aerosoliz.ation process is basically one of separating particles; them-

fore it is logical to expect particles whose adhesiveness Is reduced, to

aerosolize more easily than parVt'cles Wetc arc. tenacious.

the review c~overs (1) the methods for measuring adhesivt foccea,

(2) the values obtained by the aifferent miethods and '3) the Meekaaniau

by vhzch additives operated to reduce the adhesive forces between par-

ticles.

0. Llteratvre Reviews

lbere "ave bevn a number of iecent literature rev.1uw on, the adhesive

forcas of particles sad ~wd#.~rs. %orign (1961) prcoarod, a reviAew on th'e

Adhvaior., andi Cohesion of Yine Iartig1#s, The area# covivTed Iby h-i; ineIvoiai

(1) eea~pen C e4-pa*ders, (2) lougravW* forcos, (3) ads-prboi iay~orF,

(4) Plectroctatic ch~art-,, and "S) the natt;re of th* .,ntact. In hfstlit-
erature search or, t~ho beharitso of Wh~v'ion if.tmt~ Solid Aaroso-. Part I le45,

(Nwe. rg (13M.' d~vC-"0s *si" !W"tiott large slid bo4les, (21*A

(41 f,(4 I zAWity a~ "Awoseratlocs lim *tffct of

Stati(- C."07gV ari4 (-s &iPpl Cotjons to aerosolv.- *miy of i~ uk.$'

Wyre fvto, by Oori (ln.,) in his ~#rivr *#,the A$Iialn of S1ild P~r--

Ulete- CO SOMl4  A *.e*Vhftx5 for4' 41fizled -ovIe# -.10 So t4

r13 rim a~4l~ Ph.D. t a.Akin -tt, genera) su-bI*ý of &dh**Aoi of "t

t t~ isC- t the M.D. thesis oLaroo: (MVO-4)', Fur dsaoit~I 4tad Iex, e.$
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Particle OynazAcs and Adhesion. A good asvtew on t~he methodn Adhoslo%

Meaourozet Tuvolving Smol1 Particles iz pvsuented br Boohme et al. (~19a).

Althooagb thes otove are t.-, 'aJcor revie'ws noted on adhesion of pat-

titles, there are many~ asallr, but nevertheless comprehensive, *',oart* on

par*4culor aspects of adhesion. These references can be founi; by scan.ýng

the reviews above. Some references may also be found in the Sibliograpk.,

on P~wjumtio al~asaaAaftio n# Dry Powders, Webtoh Is ncluded to Appendix C

of this roport.

C, 11thodo for Ustsuri!g Adhesive Forces*

Doehue et sa. (19ea) gsivo a good review of the vsrioua methods f~ra massuring adhesion force. They described thenm as (1) the weighing method,
(2) the pendulum nutbod, (3) the aerodynamic method (4) the centrifuge

method and (5') the iaclina plane method. The weighing L.*thod involved

mneasu.ring the force raaliired to saparate particle# from each other or from

a substrate. Mhe petmbtlum method to similar to the weighing method except

the gravitational force of the object being weasurard becomes the separating

force. Th. substrate to which t~o suspanded particle adheres is rotated

until the particle falls off. It~ the aerodynamic method, an air strear

I's directeG at a particle sand the force required to move or dislodge a

particle io computed. The centrifuge, method employs contrifu6gIl forces

to remwov particles from a smvbetrate.' The Ji wl tue mothod± differ.% from

the other four: in taut the adhosive !orce of a bul% powl1ee'~~ is me^-

oured rather thau the fore.. of Individual porticlos. rie method inivolves

tilting a porder bed until the powder "~so $fJMi4 4OPf _je~ + r0
gravity.

Benarice (1961) eWp~~ & Cw 1'Srne."ter ta esr the cohesive

forces within 4 povwdr mass, but i,,1 aa call" _tzicstih Nczor" was w,.

direotly translatable to oohesi )arq,# (ta 4yneAO). W-a sep~erimenT wrt

Vqery 0*..mtiur to tikC rsiadv1t l ae Ui Ls prru

FP.%M t4.- 'diotsions end r,'- *vs. it V*. ~ e trifti. trittgv

"ýgthe a.ot- rolisbl~ e svvJ fe .r I n adhooivv fn;re.o bo,*l'tv

at a (IM3 'ais idergp. i t &Sja~ %ýS SjOCUrat-o 0110 for "Av &
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ytrticles 2ýh to 504,. The serodyuamic aethod assumed a certain air velocity

yo:oftlie in the talculatioin of forces acting on the particle; however, this

assumption is difft-'ult to ver'Afy experimentally. Measurements via the

weighing or pendulum method are limited to large particles generally leirger

than 25ji. Altho~ugh the tilting plane m~ethod has been widely used, there

to considerable dobate regarding its va~lAity. Becatuse the method vuke --ur-

rently being used in this program, detailed reilew ot the Re-hod is giveni

bolc.v.

1. Cromer, Conrad and i~raus-192

The tilting plane Oiethod was dev*'loped by Cremer et &A. (1952), who

propo~sed that the adheisive force of a powder bed %.32n be deteridned by -plot-

ting mg cos P verst~a mg zi'n 9 where iý As the mass of powdar !ýn a plate

"sIding off 9t the angle 9 when the plate is tl1sad from the horizon, ~

S is the acceleration -lue to guhiy. By increa:tng the masA af Povoler

-each time, a number of points are obtaiped thrMngU vhtch a line can bet

drawn. Mhe slope of the lineAs the- coefftiaint of friction fc.? the pow-~

der n;us Mille thij intercept of the lIMe with the ord-InatU is the ad-

hasive- force.

Apparerntly'the reproducibility of the-techinlque was goodI, and they

were able to pre*dict tha partiele sizes froam knai~ledga of the adhesive

forces of-.the po*'der *~asses.

Orr, DallaVl1*I~e, Stonrecypher and Corbett (195'ý'

iLn thie~r suof agglomration un4 dwafgglonerstion of so~id par-

t~.cles. O)rr e4. Al. (19W7 &-p-ýicuted --rserers method for measuring ad-

hIaaive foce 1-t obtciý-i* a rather large spr-eiad in the data. They tried

to imprp-ive te& 'technIiqae byý several ittoovations, but the reproducibility

iaes nota grit VE-U=1y bettor. O)rr ot *I. defined the measuwinent as shear

for'ce stwii-es rathT than 0,%osive force,

3. -Ro. Yellrand Ix ter a 19633)

Kush et al, (1950) eoplol-ed7 Crfmer's method fdr saotharia, untreated,

2nd saccharin, treated with 1f cab-o-si!.. They experienced diffIl~ulty In

coating 14-h# plate %vith a luyer bf pa~wdor pereuaentlyt affixed to the awfie
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wv* iti 31t 1- ' - unlftrn c"O ug. Th-,r,_2'or't, they em.-

pThe d itol ~lutu plute s-44d ~ccviuently the ueixtMey rant

4e the #.dhses-' ftlrco ZeV.;-een tke Pcfsdcrý p i-es, Ž rathxer batvnon VIe

particlas 4-iad t;iz slamliA platc. Fowv týiýed aaaonib they did not cou-

tlnuvý the itudy, Anc¶-,he onlyls iktt pr~asent*J was that Ztven tor- xsccbarin,

j Untresteod succharin gtvP an 'P~dhesive pover" of IOU dynes while the Cab-

0-811 *-'eated sample gave approximately 46O dya

:Pstat aad Sch-old (iMe~) made a datalled experimental inrqvetigation

into-, Creiner's me'thod and conciuýAed that.

a. the zicatterizv of rusui. -s wans large compa~red with the vari-
4 ~ations to tnt zo-eallad ! hesive force.

Ab. rmr -Ala., tVh't thie &a .. aion between powder aiud sub-
stratW as ee edfvthc~r zatriod implies that the powder

- ; ý r~c~.icali riAd. Reai~dual particles were ob-
xi 'wed on the i:.ciinei plarie after the measurement, in

cc .ýt -iActiun to Ve- implicit assumptiov o~f a rigid

'aedhva1 'ý fcrce" is markedly rediuced if spherical
,ýrticles Rre r'ued inatead of irregular-shaped oues..

YAS oiu~1 a'~ball-bearing" effect wh~ch was assumed

d. .4egtire "..hesive forces" are ~abasured. ra fsnt w'hieh 'Ls
1.7r!csiz~trnt with the phlysics vt the sye-em.

5. *2na i961)

In their study or. the disae-.A~nttcn of bolid and 1iqu~ai 13W agents,I
fti~tnah (1981) employe Cr-rsmthod to determine the cct Ictetent of

fritf ion between tv-1c and So powders on aluminum, 'glass, Teflon and Rtain-

* less steel bases.. Rowever, they encountered difficulti s whitzh they de-

scribed as: "?or small x&24sec of puwder, thekre waa no angle &t whict the

mave would slide off (up to WO). Pok- 1*6rger manses, the povder wou]O

bre,.k away froxi the mass in vary-ing amounts aaid slide off. 'I'le entire

masns of powder would seld!cm elide off ert ths saata tirm." He solved the

i Vrobiem by compacting the p~owder (with tpproximintely 2 50 psi of pressure~

and theln pu~tilft the compacts on the tilt table. The reproduc'ibility

was improved by this modA tcttln4 Deviotiort rif the angle of slide

21C
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(the reproduclkllaity) varied fr., LAOf~ tu;T V .l i : z to 88SP

for Srt Gn laluiinum b,,aQ&. Alth~o-~h he did not zonjider thA

nullify the wetho4 for ame-aimring coefficient of f i-tict--i there I#- rL"

tto belleyn that it doev.

6. Owe Beni,~ Hutnkins 4nd Stansbury(96)

UJsing S.lica sand 40 to' 2004, Ciwe Berg ot ei. 'found that the force

of adhesion between ptiticloR is proportionaX to the particle surface

area. Because they were Interested in the effect of humidity, the mea-

suarements were performed~ in a cr-ntrolled bumid~ty box using mechanical

manl': ~zr~. Aith )Ilgb thf e.V~recsped that some element of Judgment oii

the part of the operator is involved in the technique, they shcý,-4 that

the shapes of the curves obtained by two operators vmre assentially the

same. Consequently for the material measured, it appeare.. thaut they con-

sidered the method valid and reproducible.

7. Baerns (1966)

Baerns employed Crfmerls method to measure T~he interparticle adhesive

force of spherical iron, spherical nickel, glass balloons, ard irregular-

shaped alumina partieicz. Adhesive forces for glass balloons auuallcr than

115p. could not be obtained due to nonreproducible results. However, hie

did not indicate any difficulty witIb the other materials, nor did he indi-

cate any difficulty with the procedure. H(e calcullated the adhesive force

of the Individual particles by estimating the nu"ber of conttect points be-

twe h ldn atce n the nonslidinjg parti Als. This number can
be etimtedby iviingtheare ofthepowe.-beiby 'zecross-sectional

area of one particle, or roughly, the area of the bed divided by the m'assI mean diam~tter\2.

In his review on the various methods for measuring adhesive forces of

small particles, lBoehme et al. (1-362) concluded that CrýRmar's method is not

an objective me~iiod for measuring adhesive forces between a WAis Of pa.ý-

ticles ana a substrate Le&cause of the Insufficiently explorva relationship

between adhezion and friction and -the complicated nature of the alldk~g

process. Crommer's methed As valid f-:r a powder muss whict, is practically
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rigid. However, the lask of rigidity In many powders affects the results

and nullifies their correlation with resnIts obtained from other Rystems.

D. DiscUbiou of Results

Thit ,-.hesive forces given by Cremer et al. are given In Table A-1-

be1•". They are the adhesive forces for the powder bed as a whole. Care-

ful scrutiny of their paper revealed that the powder mass was pl6ced on a

smooth substrate,, such that the adhesive force may be betweeu the powder

particles and'the substrate, rather than between l particles.

Table A-i

RESULTS FtWM CREMER et al. 1952

Adhesive

Powder Size Subgt;.r:e, cm• Force Adhesive( e Tension

Magnesite 20W-300w Glass Plate (2.841 Io0 0.97
1 5 0 - 20 0 11 Im 0.99

W-15011 • 23 0.99
75-881 330 0.95

60-:75,1 480 1.14

VAgnesite 2 0 0 - 30 0 p Pres!'ed Magnesite Plate (3.48) 10 j 0.72

150-200p. 140 0.70
88-1Op ""210 0.7.1
75-884 I 310 0.72

i -07511 360 0. 70

,gnesite 2-30 0 p ickel P e (3.83) 105 0.69
150-2w00p 150 0.69

88-150,. 220 0.69
75-88ý ' 320 0.68
60-75• 390 0.69

Iron Powder 1 5 0-2004- Nickel Plate (3.83) 15 0.07
100-150P | 2u 0.06
60- 100 30 0.06

60P 110 --

Molybdenum • Molybdenum Plate (4.0) 1400 0.38

Powder 2.5p 6100 0.38

Cremer eot al. found that the utiive forco of a powder mass was in-

versely proportional to the particle diameter. They alro noted some other

relationships which have not been -idely quoted, but which are quite in-

teresting. They found that (1) for e mixture of an adhesive and a
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nonadheslive powder, the adhesive force was directly proportional to the

amount of the adhesive powder present In the mixture. f2) There to an

adheqive tension which is a constant for a particular powder/base systems,

irrespective of the size range of the powder (see ODlumn 5, Table A-11.

_(3) A mixture of two adhesive powders behaves similarly to a single powder

in that the adhesive force varied in Inverse proportion to the average

particle size of the mixture. (4) In powders which contain very fine par-

ticles (less than lpj) the-adhesive force measured is that due to the fine

particles, since it is these which touch the plate and determine the ad-

hes ion.

The adhesive forces measured vsrled from 10 dynes for iron powder on

glass base to 6100 for molybdenum powder on a molybdenum plate.

Baerns, using Cremer's method but modified by gluing on a fixed layer

of powder, found that the adhesive force was directly proportional to the

particle size. The contradiction was temporarily exasperating, but on

closer analysis there was no real discrepancy. The data given by Cremer

was the adhesive force of a powder mass whereas Baerns gave the "tinter-

particles" adhesive force. In some articles the adhesive forces were not

clearly defined, and on hurried reading, the two forces can be confused.

The results of Baerns (1966) are given in Table A-2 below. If the

mathematical formulation of Baerns was us-d to calculate the interparticle

Table A-2

REUSULTS FROM RAERNS (1966)

Material Particle Dia. Adhesive Force (,Iynes)

Iron, spherical 1.6 2. 5 X 105-5

3.3 5.5 X 104
1-1. 6.5 X 10

Nickel, spherical 18 1.5 X 1023
81 1.7 X lu_

137 1.s x 10 2

Alumina, irregular shape 11 7.7 x 10'
13 7.8 X 10O
27 3.1 x10-3
6R 2.0 X. 10
96 5. A 10
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adhesivre forces, then Cr#smer's particle-to-particle forces would be in
-2 -

the region 104 to 14) dyneig, which is sitilar to Saerne.

Baerns a1ndifferentiated between the exptrimentally determined

"interparticle force' and the "effective interparticle force"f arnd con-

cluded that they were not equal. The dis.-nction bet-een the two Is not

clear. To quote Sarns, "'the Interparticle adhesive force determinaed the

stability of the channele which, in turn, established the fluidizability

of a particulate material. The effective interparticle force is related

to the adhesive force of s pum:tic3.e, but it is also influenced by other

effects such as the inhoniogeneity of -the (fluid) bed structure."

Nash et al. gave the adhesive force of the powder bed. However,
since they did r~ot mention the area of tho powder bcnd, it was impossiblej to compute the adhesive forca of the particles.

J As mentioned earlier, Orr et al. found that the adhesion or ,,.ost

powders was so low that the results were inconsistent, and no general

conclusions were made regarding the shear forces. However, in a later

paper, Kordecki and Orr (16), using a centrifuge method for removing

particles from surfaces, found an Increase in adhesion with increasing

particle size.

Boehme et al. (1962), also using a centrifuge method, measured the

adhesive forces of starch, iron and iron oxide powder,', For starch par-

ticles on a starch substrate, the adhesive force (0.02 to 2 dynes) were

independent of the particle size in the size range 7-21"2. For 2ý.j to 4p,

Iron or iron oxida particles, tht adhesqive force (0.01 to 0.02 dynes)

was roughly proportional to the particle size. Ho-"evcr, because of theI 'mited size range investigated, Boehme may have overstated the relation-
ship. By oxidation and reduction of the Iron particles, smooth and

wrinkled surfaces were obtained. They contended that ismooti' surfaces

allowed~ for larger areas of contact thau wrinkled surfaces and hence the

measured adhesive forces between &mooth surfaces were a factor of 10 higher

than forces between wrinkled surfaces.

oorn(191b)employed aquartz cantilever elecrobalan~ce for adhesiou



particle size for quart- t*nd Pyrex particles 25-8OV diameter. Adhesive

forces were in 'he range (.0, to 1.5 dynn, Using glass plates of vary-

tig roughness, Corn observed a decrease in adhesion with innreased surface

roughness. He also compared the adhesive forces between fibers with round

and spherical ends, and found the spherical-end fiber to have a slightly

higher adhesive force.

Larsen (1958' using air Jets for dislodging the particleA, indicated

an increase in adhesion with particle size. However, he obverved an in-

crease in adhesion with surface roughness, which is contrary to the find-

ings of other investigators. In his review Corn (1961) attributed the

anomaly in Larsen's results to electrostatic charges.

Morgan (1961) reported that Dawus (1952) obtained adhesive forces

which were irversely proportional to the square of the particle size.

Investigators using the centrifuge method have obtained adhesive

forces of the same size, in the range 9.01 to 1.0 dynes. However, since

particles of tue same material, and under identical conditions have shown

a variation in adhesive force of two or three, it is not surprising to

expect a wide range of values.

If the force required to separate two particles was 0.1 dyne, then

the energy expended to separate the particles to a distance of 0.lp (1000A)

apart. would be 0.1 dyne X 0.1 X 10-4 cm = 1 X 10-6 ergs. This value is in

line with the estimate given in the critical literature review, in which

the binding energy for solid structure adhesion was appro-imately
5 X 10-6 ergs

In general, then, the adhesive force of a powder mass varies inversely

to the particle diameter; the adhesive force between particles varies di-

rectly with the particle size; and adhesiv6 force between objects decreases

with surface roughness. These correlations are fairly well established

and supported by all the investigations.

Except for the work by Corn, on the aftesion of round and spherical-

"end fibers, there was almost no data on the eftect of particle shape on

adteston. No correlation between particle size distribution and adhesive
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force was found. However, it is generally agreed that the adhesive forces

would be greatly reduced if the powder contained only smooth, spherical

particles of a uniform size since such a system would have minimum number

of particle-to-particle contact points. Based on this hypothesis Lerman

and Bartsch (1965) prepared smooth, spherical particles from irregularly

shaped ones. Aerosolization tests of the original and treated powders

showed that the treated powder contained fewer agglomerates, and this, the

authors concluded, was due to the change in the shape and size distribu-

tion of the particles.

E. Mechesnsm of Additives and Their Effect on Adhesive Force

A considerable amount of time was devoted to the use of additives

for powder modification. In support of this work, a review of the litera-

ture was made on the mechanism by which additives operate. If the mech-

anism is known, then the effect of an additive on a powder can be predicted.

There was some evidence (primarily from eleztron microscopy) which

.adicated that the additive functioned by attaching itself around tne base

particles. Nash-et al. (1965), Craik (1958) and W..itnah (1964) have shown

electron photomicrographs of powders, treated and untreated, which reveal

a coating of additive particles around the base particles. There is, how-

ever, no evIdence to elucidate the mechanism by which additive alters the

physical and/or chem4cal properties of base particlas.

For th,4 system Cab-O-Sil (0.014) - Carbowax powder (11l MOD), Nash

et al. (1965) indicated that the coating occuis by attraction between the

negatively charged Cab-O-Sil particles and the positively charged Carbowax

6000 p'rticles. They showed, by means of Glectron photugraphs, how the

smooth surface of the carbowax particles is made rough by the coating o'

the tiny irregularly shaped Cab-G-Sil particles. They suggested that the

change in the flow properties is raused by the Cab-0-Sil layer acting
"#Ias a layer of tiny ball bearings, permitting the Carbowax S0IO particles

to slide over each other more easily.... ;' !f the Cab-O-Stl particles

a&t as ball bearings, then it would appear that the flow propertios of

a 2% addition or a 3% addition, would be equal to tho 1% mixture. Instead

they found that excessive Cab-D-Sil particles (more than that required
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to give one complete coating) was detrimental to the flow. The ball

bearing concept also implies that the Cab-O-Sil particles are lightly

attached to the Carbowax ones, and that there is no preferred orienta-
tion of tha silica particles. It would be revealing to determine whether

or not the Cab-O-Sil particles are strongly attached to the Carbowax par-

ticles.

In his review on flow properties of dry powders Crosby (1960) states,

"reduction of surface roughness and alleviations of stickiness are accom-

plished...by the use of 'lubricants' or 'glldants,' as they are sometimes

called." He suggested that the role played b) the fineness may be that

of filling in the surface impressions of the !argeo particles. The smoot!-

the surfaces of the particles become, the better the flowability of the

small size classes." Although the relationship between smooth surface

and flowability is obvious for macroscopic bodies, the concept may not

be true f•r microscopic particles. There has not been any exhaustive ex-

periments which showed that smooth particles in tne 1-10p range flow better

than irregrilarly shaped ones (excluding needle-shaped or other unusual

shaped particles). Thus Crosby's hypothesis, that flcwability is increased

by the fines filling the impressions of the base particles, thus producing

a smoother surface, is based more on thoughts than on facts.

In their study on deagglomerating agents, Owe Berg, Gernish and

Flood (1963) contended that an additive works by forming an agglomerate

of the order of 25p in size with particles of the base powders. The b ids

holding these agglomerates are comparatively weak and a.a readily broken

up by impaction, friction, etc., which occur in powder flow, and ther'efore

the agglomerates do not prevent free flow oi the powder. On the other

hand, the strength of these bonds are strong eaough to hold the aggloner-

ates together in the aerosol ýtate. They did not state the mechanism and

manner by which the additive adheres to the base particles, although they

did state that the additive causes a change in the electrortatic chirge

distribution so that there was equal abundances of positive and negative

particles. Actually they did not directly observe the 250 size agglom r-

atoe, but deduced it from calculations on the size of agglomerates Aup-

ported by a vertical air stream flowing at a certain velocity. On landing
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(or impact) the 2511i size agglomerates b'oke up and thus tLey were not able

to directly observe theme large sgglomerýtes. Their coUclusion, based

on -*lculation and Indirect observation, in at bwat a working hypother's.

The formation of 2311 size agglomeratr3i from treatment. with the "right"

additive has not been observed In this program.

&addorf et al. (1965) In their treatment writh addittSvwu t4.1 prevent

agglomeration, found that certain oddit~ven were helpful In Increasing

the aesrosolizability of powders, but the evidence vans too widnly scattered

to state any definite correlation. Their conclusions re the mechanism of

surface a*111,4Veg were similar to Owe Berg et al. (1963). in.,, t..ed,

"there is evidence both in our observations and thase of other investi-

gators (referring to Berg et al.) that the so-called "anti-agglomerants"

act by causing the formation of small uaniform agglooerants which roll

over one another and thus produce "viil" free-flowing powder, yet do

not reduce overall energy requirements for deaggloseration. There wa~s,

however, no data (other than observatti~ns) to support the above statement.

A few investigators, e.g. Eisner (19M0), Lan~e (1961), found thE-t

waterproofing c'~rtain powders with a hy'4rphobic coating served to reduce

the adhesiventess of the pemder bed. In this situation the coating repels

the adsorption of water vapor, thus minimizing adhesion duae to water our-

face tension.

Awxther meechalm bsy vhlch euf- eadittives o-perate is glv-en bly Crntk

(195") ard Craik and Miller (1958). He investigated the trsnsformatton of___

starctk from a sticky, ditfitult-to-flow pcowder to a free flowing on* by the

addition of magnesium oxide f-o.05 dis). Using electron microscopy he

showed that tho starch grains were covered with a axntfors pattern of pro-

tuberances representing the vagnesiua oxide particle*. He stated, "th-i

effect of the masgesiut oxf~a* on tho flowinC prnoprties Jo~os wot appear

to conform to the uwual principleat ofolil .1bricatton. A solid Tiub-

ricant, ouch as tale, depeds for Its effect ou its layot-lattIce iitruc-

tur*, with very I,*w be-d strengt btetwae the lavvrs which thus *lip

easily ever eac-h other. MW~wslus oxide has ao~nrese cubic struti~u.-v

aud voii4 not be expected to act a saaolid lubricant." klso t he red.c t ion
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In the flowability, which oocurs when more than a certain amount Is

added (1%), would not be expected to occur as a result of lubrication.

Surface roughness is aot a major factor governing the flow of the starch

since the adsorption produces a rougher surfac,, which should give an

opposite effect to that which is oA erved.

To explati the phenoenon, Craik postulated that the layer of mag-

nesipm oxide particles imposed a gap of approximately 1000 1 between the

starch grains, such that the van der Waals forces become greatly reduced,

probably to Insignificance. It Is considered that the corresponding

forces between the mak-nesiux oxide particles are leis effective owing to

the particles having smaller areas of true contact; this would explain

the rexuced adhesion. Anothe,- reason for the reduction In adhesion may

be due to the orientation of the oxide particles. "If the starch grains

base on their svrface a small unsaturated valency density, this would

cause the magaesfut4 oxide particles to be oriented on the surface in such

a way on to preseaZ sheets of valency charge of a uniform sign to the ex-

terior, and thus they would have the effect of greatly Increasing the

car"ge density and the mutual repulsion of the surfaces."

In his study on the adhesive force of Iron and iron oxide particleA

(obtained by oxidation-reduction of the same particles) Doehme et al.

(1962) concluded that -. mnoth surfaces (iron particles) allowed for large

areas of contact and -ence the adhesive forces betwl.On smooth surfaces

were a factor of 10 higher than the forces between wrinkled surfaces (iron

oxide particles). Using glass plstes of varying roughness Corn (1961) in

his adhesive force study also observed a decrease In adhesion with Increased

surfa.-e roughness. Although these studies were limited, they do indicate

some datA to tupport the hypothes!s tVat rough particlo surfaces are less

adhesive to each other than smooth ones. In contrast there has been almoet

o data which &liht indicate that smooth murfaces ai leas adhesive.
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Appendix 8

BIBLIOGRAPIIT ON PUTM&TIC DIB8MI'4ATIOYN OF DRY POWK)BRS

The firret ,,hias* of Oles program on pneumatic dissemination of dry

powders was a literature survey of the subject. The Information uncovered

was reported in Obapter IX of Poppoff (1965), Aerosol Dissemination Pro-

cesses - A Critical Review, Volume 1. From then to the present (April, 19671

the literature was continuouisly searched, both for new and old references

pertainirg to the subject. The bibliography presented here includes the

new references as well as the eld. In addition other references, which

are not directly related to the subject but which are sufficiently useful

as background InforA~t ion, are also included.

Efforts were side to obtain copies of these articles which were of

special. Intereot to the subject. These articles are on file at Mstroriice

Associates, and they are marked with an slot-risk ()in the bibliogsil&l41y.
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